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The activation of small molecules is crucial to the function of biological systems’ metabolic 
processes, detoxification, and cellular signaling. Metallocofactors and protein scaffolds often 
work in conjunction to attract and bind the small molecules, stabilize reactive intermediates, and 
shuttle protons and electrons to and from the active site. However, due to the size and dynamic 
nature of the protein scaffold it can be difficult to understand the mechanisms of these small 
molecule activation processes, as well as how the metal and protein scaffold work together to 
enable these transformations. The isolation and characterization of synthetic complexes can help 
to identify analogous reactive intermediates in enzymatic systems, as well as model the reactivity 
observed in enzymes. This thesis reports on the synthesis and characterization of tetrapodal 
metal-ligand complexes containing non-covalent interactions that model biologically relevant 
intermediates and reactivity towards small molecules.  
Early work focused on the synthesis of a new tetrapodal ligand platform, Py2Py(piCy)2, which 
was accomplished in seven steps from commercially available materials. The ligand provides a 
contrast to the tripodal ligand N(piCy)3, that has been previously studied by Fout, et al. for the 
reduction of oxyanions and isolation of high valent iron species.  
Py2Py(piCy)2 was complexed with the iron salt Fe(OTf)2(MeCN)2 and five unique iron 
complexes were able to be synthesized using the ligand framework. Characterization by NMR, 
infrared (IR), UV-visible, electron paramagnetic resonance (EPR), and Mössbauer 
spectroscopies was accomplished. Interestingly, the two ferric species isolated presented as 
iron(III)-hydroxo complexes, representing a functionality that has been proposed in non-heme 2-
oxogluterate dependent (iron-2OG) enzymes, but has not been observed in the enzymatic 
systems. The majority of these iron-2OG dioxygenases will hydroxylate organic substrates 
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through a radical rebound reaction after H-atom abstraction (HAA) from the substrate forms an 
iron(III)-hydroxo and caged substrate radical. Recent studies have also proposed that the 
iron(III)-hydroxo that is formed from the HAA is capable of other reactivity patterns towards 
substrate such as desaturation, epimerization, cyclization, or halogenation.  
A study was conducted to determine if either of the synthetic iron(III)-hydroxo complexes 
were capable of performing the radical rebound hydroxylation observed in iron-2OG enzymes 
through the use of the stable C-centered radical, triphenylmethyl radical (Gomberg’s dimer). It 
was found that one of the iron(III)-hydroxo complexes was capable of performing a rapid 
hydroxylation of the radical substrate, while the other required the presence of adventitious water 
for hydroxylation to occur. It was also found that both iron(III)-hydroxo complexes had similar 
oxidative potency with BDFE values between 70-71 kcal/mole.  
Further work with iron ligated tetrapodal ([Py2Py(afaCy)2Fe]2+), and tripodal ([N(afaCy)3Fe]2+) 
systems examining the catalytic reduction of perchlorate (ClO4-) to chloride (Cl-) was explored. 
It was found that the poisoning of each catalyst could be avoided through the use of an analogous 
zinc complex ([N(afaCy)3Zn]2+), which had a higher affinity for Cl- then either iron catalyst. 
Furthermore, the use of the zinc reagent allowed for a quantification of the turnover number 
(TON) for each catalyst. It was found the tetrapodal catalyst produced a TON of 48(2) while the 
tripodal system achieved a TON of 76(5), both of which represent order an order of magnitude 
improvement over the previously published values for iron catalysts.  
In addition to the work done with the iron complexes, cobalt complexes were also synthesized 
from Py2Py(piCy)2. Two of the cobalt(II) complexes presented as high-spin systems while one 
presented as low-spin by EPR spectroscopy, but high-spin by SQUID magnetometry. It was also 
found that a cobalt complex could activate O2 to form a terminal cobalt(III)-hydroxo. 
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CHAPTER 1: USING SYNTHETIC SYSTEMS WITH HYDROGEN BONDING 
INTERACTIONS TO MODEL ENZYMATIC INTERMEDIATES AND PROCESSES 
 
1.1 Motivation behind the modeling of enzymatic processes using synthetic systems 
The activation of small molecules is crucial to the function of biological systems’ metabolic 
processes, detoxification, and cellular signaling. Enzymes containing a metallocofactor 
embedded within a larger protein scaffold are often involved in these small molecule 
activations.1,2 The metal center and protein scaffold work in conjunction to attract and bind the 
small molecules, stabilize reactive intermediates, and shuttle protons and electrons to and from 
the active site. However, due to the size and dynamic nature of the protein scaffold it can be 
difficult to understand the mechanisms of these small molecule activation processes, and how the 
metal and protein scaffold work together to enable these transformations.  
Synthetic transition metal complexes can play a key role in producing highly reactive species 
that may be intermediates in enzymatic processes outside of the enzyme scaffold.2 These 
complexes, which contain a well-defined molecular environment and ligand field, can be 
identified by their spectroscopic properties and are often times structurally characterized. The 
information gained from these systems can assist in the assignment of meta-stable intermediates 
proposed in enzymatic systems.3,4 Additionally, synthetic systems that are able to incorporate 
biologically inspired functionalities, such as hydrogen bond donors/acceptors or charged residues 
can begin to explore how metallocofactors and the protein scaffold interact synergistically to 
enable reactivity.  
The successful incorporation of bio-inspired non-covalent functionalities into a ligand still 
presents a challenge. This project develops a new ligand scaffold that features hydrogen bond 
donors and acceptors proximal to a metal binding pocket. The synthesis and characterization of 
iron and cobalt complexes is explored, as well as their biomimetic reactivity towards the small 
molecules O2 and ClO4-.  
1.2 Modeling intermediates in enzymes  
1.2.1 Iron(IV) in non-heme 2-oxogluterate (iron-2OG) enzymes 
There has been extensive work studying enzymes that produce high-valent (iron(III),5 
iron(IV),6–8 iron(V),9,10 di-iron(IV)11) species, usually through the activation of dioxygen (O2). 
These oxidatively potent intermediates found in both heme and non-heme enzymes are an 
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essential part of sustaining aerobic respiration as well as the biosynthesis of essential 
metabolites. However, for the purposes of this discussion, a focus on the non-heme iron(IV)-oxo 
species is discussed.  
The first evidence of the iron(IV)-oxo 
intermediate was found in the iron-2OG 
enzyme TauD, as reported by Krebs.6,7 The 
iron(IV) species was identified through the 
use Mössbauer spectroscopy and stopped-flow 
UV-visible spectroscopy during a single 
turnover kinetic study performed at 5 oC 
(Figure 1.1). The use of deuterium labeled 
taurine was also key in slowing the reaction 
down to produce a kinetic isotope effect (KIE) 
and prolong the characteristic iron(IV)-oxo 
spectroscopic signals. Since the first 
identification of the iron(IV)-oxo species there 
have been many other non-heme iron enzymes 
that activate dioxygen to produce similar 
spectroscopic signatures and reactivity patterns.8,12 There as even been the use of vanadyl-oxo 
functionalities that have been installed in place of the iron cofactor in some iron 2-OG enzymes 
that allow for crystallographic characterization of the enzymes and provide insights as to how the 
analogous iron(IV)-oxo species may interact with substrate and be positioned by the protein 
scaffold to enable reactivity.13  
1.2.2 Synthetic systems producing the iron(IV)-oxo functionality 
Concurrent with the identification of the iron(IV)-oxo intermediate in the iron-2OG enzyme 
was the first crystallographic characterization of a terminal iron(IV)-oxo in a synthetic non-heme 
system.3 The isolation of the high valent iron species allowed for definitive characterization of 
the iron(IV) species and confirmed the spectroscopic signals that were observed in TauD during 
the kinetic study.  
Since the isolation of the first iron(IV)-oxo motif in a non-heme system there have been 
numerous examples of other complexes that have been isolated and identified by both their 
Figure 1.1 Mössbauer spectra of the iron-
2OG enzyme TauD, identifying the iron(IV)-
oxo intermediate. Figure used with 
permission from reference 6. Copyright 
2003, American Chemical Society.  
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spectroscopic and structural 
properties to contain the 
iron(IV)-oxo functionality.14,15 
Another impressive example is 
the isolation and characterization 
of an iron(IV)-oxo in a ligand 
system containing a secondary 
coordination sphere (Figure 
1.2).16 In addition to the 
identification of synthetic 
complexes’ spectroscopic signatures, 
many of these complexes have also 
been used to model the reactivity that 
is also observed in enzymatic 
systems. 
1.3. Selected small molecule activation processes: enzymes and synthetic counterparts 
1.3.1 O2 activation in non-heme iron 2-oxogluterate (iron-2OG) enzymes  
Prior to the report of the high valent iron(IV)-oxo intermediate being characterized in TauD, 
there had been work to try and determine the mechanism of substrate hydroxylation performed 
by many iron-2OG enzymes. The initial proposal for the bulk of what makes up the modern 
understanding of the iron-2OG hydroxylase mechanism was proposed as early as 1981 (Figure 
1.3).17 Key steps include the binding of the 2-OG ligand, substrate, and O2, followed by the 
decarboxylation of 2-OG to form succinate and the iron(IV)-oxo intermediate. The subsequent 
step, a hydrogen atom abstraction (HAA) from substrate, is rate determining within a single 
turnover,7 and thus everything prior to product release is kinetically silent.  
The HAA abstraction by the iron(IV)-oxo is proposed to produce a iron(III)-hydroxo and 
caged substrate radical (Figure 1.4, center). This ferric-hydroxo species, which has not been 
observed spectroscopically in enzymatic systems,18,19 can then perform a radical rebound 
reaction to hydroxylate the substrate (Figure 1.4, right) at the sight of the initial HAA. 
Computational studies have estimated an activation barrier of 1-4 kcal/mol for substrate 
Figure 1.2 Resting state and iron(IV)-oxo intermediate 
identified in iron-2OG enzymes. B. First structurally 
characterized iron(IV)-oxo C. Iron(IV)-oxo complex that 

















































hydroxylation, with an intermediate lifetime of ~20 ps,20–24 but attempts to trap an intermediate 
using a radical clock have been unsuccessful. 
It has recently been 
shown that the presence of 
an arginine residue in 
proximity of the enzyme 
active site is necessary to 
properly position the oxo 
moiety and substrate for 
hydroxylation.13 Alterna-
tively, the absence of the 
arginine in proximity of 
the active site, among 
other factors such as the 
presence of adjacent 
heteroatoms (N or O) in 
substrate, may favor 
alternate reactivity, such 
as substrate desaturation (Figure 1.4, left),5,25,26 ring formation,27 decarboxylation,28 or 
halogenation.29 The divergence in reactivity and lack of spectroscopic information about the 
iron(III)-hydroxo intermediate leaves questions open about how enzymes bias alternate pathways 

































































































Figure 1.3 The proposed catalytic cycle for iron-2OG enzymes 
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Figure 1.4 Alternative reactivity pathways for iron-2OG enzymes that perform substrate 
hydroxylation or substrate desaturation. 
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1.3.2 O2 activation in non-heme model systems with non-covalent interactions 
Since the initial report of the iron(IV)-oxo in there has been extensive work done to examine 
the properties of the iron(IV)-oxo species generated from O2 or other O-atom sources in both 
heme and non-heme systems.14,15 For the purposes of this discussion, transition metal complexes 
that have also installed hydrogen bonding functionalities will be surveyed, as they present the 
most relevant comparisons to biological systems, and often are capable isolating intermediates 
that are proposed as part of the iron-2OG catalytic cycle. 
One of the first examples of a transition metal complex capable of binding O2 and stabilizing 
an intermediate species was a manganese trispyrazolborate ligand system reported by Kitajima 
(Figure 1.5, left).30 The side on manganese-peroxo complex had an appended pyrazole ligand 
that donated a hydrogen bond to stabilize the peroxo moiety. That work was built on by Masuda 
et al. (Figure 1.5, center) who began the use of tripodal metal-ligand complexes that could bind 
and stabilize a peroxo ligand, similar to the proposed intermediate D (Figure 1.3), from iron-
2OG enzymes.31 
 
The Borovik group further expanded the use the tripodal metal-ligand complexes with a 
report of an iron(II) complex that was capable of activating and splitting O2 to form a terminal 
iron(III)-oxo (Figure 1.5, right).4 They also had a very illustrative study using similar cobalt 
complexes with varied numbers of hydrogen bonds capable of activating dioxygen to form 
cobalt(III)-hydroxo complexes (Figure 1.6).32 The terminal metal(III)-hydroxo functionality 
represents another potential intermediate (intermediate G, Figure 1.3), that has been proposed in 
iron-2OG enzymes. Additionally, of the iron(III)-hydroxo complexes that have been 
crystallographically characterized, the majority of complexes have required the presence of 
hydrogen bond donors stabilizing the bound hydroxo ligand.4,33–40 This highlights how non-













































Kitajima, 1994 Masuda, 1998 Borovik, 2000
Figure 1.5 Examples of synthetic complexes with hydrogen bond donors synthesized from a 
reaction with O2 (A, C) or hydrogen peroxide (B).  
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covalent interactions may be playing a key role in biasing reactivity within iron-2OG enzymes at 
the proposed iron(III)-hydroxo branch point. 
 
1.3.3 Reactivity of oxyanions (NO2-, NO3-, ClOx- (x =1-4), and SO32-) in enzymes 
In addition to studying the 
reactivity of O2 in enzymatic 
systems, there have been studies of 
the reactivity of other small 
molecules. One class of small 
molecule that has gained more 
attention in recent years are 
oxyanions, particularly the 
nitrogen (NO3-, NO2-) and chlorine 
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Figure 1.6 The activation of O2 by cobalt complexes containing a secondary coordination 
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Figure 1.7 Active sites of nitrate and (per)chlorate 
reductase, chlorite dismutase, and nitrite reductase. 
Adapted from reference 52; permission obtained from 
authors. Copyright AAAS 2016. 
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These two oxyanions families share similar reactivity patterns with metalloenzymes. The 
most highly oxidized species (NO3-, ClO4-, ClO3-) can function as terminal electron acceptors 
during anaerobic respiration of bacteria through the utilization of molybdenum containing 
enzymes nitrate reductase and (per)chlorate reductase (Figure 1.7).41–43 Subsequently, the lesser 
oxidized oxyanions (NO2-, ClO2-, ClO-) can then go on to react with heme based enzymes that 
will reduce the oxyanions to nitric oxide (NO) or chloride (Cl-), respectively (Figure 1.7).44,45  
Another example of oxyanion reduction comes from sulfite (SO32-) reductase that contains a 
unique heme cofactor called siroheme that has an axial thiolate ligand which bridges to an iron-
sulfur cluster that is necessary for the reduction of sulfite (Figure 1.8).46 The active site and 
functionality of sulfite reductase was re-created in a modified cytochrome C peroxidase protein 
in a study that was also able to show the reduction of SO32- to trithionate (S3O62-), thiosulfate 
(S2O32-), and hydrogen sulfide (HS-), a reaction that has not been achieved in synthetic systems.47  
 
1.3.4 Reactivity of oxyanions (NO2-, NO3-, and ClOx- (x =1-4)) in synthetic systems 
The reduction of nitrite by synthetic iron complexes represents biomimetic oxyanion 
reduction that models the reactivity observed in heme enzymes. Upon the deoxygenation of 
nitrite an iron(III)-oxo/hydroxo is typically formed as well as either the binding or release of 
nitric oxide (NO). One of the first examples of nitrite reduction in a synthetic system that showed 
the cleavage of nitrite to form a terminal iron(III)-oxo and iron-nitrosyl complex.48 Similar 
reactivity has been observed by Gilbertson et al. using a redox active pyridinedimine (PDI) 
ligand framework bound to iron that contains a secondary coordination sphere.49,50 Work out of 
Figure 1.8 Active sites of native sulfite reductase with siroheme cofactor and the engineered 
cofactor expressed in a CytC peroxidase model. Figure adapted from reference 47; Copyright 
AAAS, 2018.  
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the Szymczak group has also highlighted the reduction of nitrite to nitric oxide using copper a 
copper system that contains a secondary coordination sphere.51  
The formal 2-electon reduction of nitrate to nitrite through the transfer of an O-atom presents 
a more challenging reduction than nitrite. Consequently, there have been fewer examples of 
synthetic systems capable of the reduction of nitrate through deoxygenation. The same system 
reported by Fout et al. is also capable of the reduction of nitrate (Figure 1.9),52 as well as one of 
the systems reported by Gilbertson et al.53 However, the only other homogeneous systems that 
are reported to the reduction of nitrate are a molybdenum system that requires an exogenous 
Lewis acid and a chromium system that required the highly Mashima reagent to reduce 
nitrate.54,55 
Even more difficult to deoxygenate than nitrate is perchlorate; despite a favorable oxidation 
potential to produce chlorate (ClO3-) the anion is kinetically inert due to its weakly coordinating 
nature and poor nucleophilicity. There have only been two homogeneous systems to report the 
reduction of perchlorate all the way to chloride, with the first reports coming from Abu-Omar et 
al.56,57 The researchers utilized a rhenium(IV)-oxo metal center with oxazoline ligands to 
perform successive deoxygenation events on the chlorine oxyanions with simultaneous formation 
of a rhenium(VI)bis-oxo. The catalyst could be turned over through transfer of an O-atom from 
the rhenium to a thioether. Alternatively, Fout et al. utilized the previously reported 
[N(afaCy)3Fe]2+ catalyst that is also capable of the reduction of nitrite and nitrate.52 As 
perchlorate was reduced to chloride the iron catalyst would be poisoned through the formation of 
[N(afaCy)3FeCl]+ that was catalytically inactive, and a maximum TON of 3 was determined 
(Figure 1.9).   
 
1.4 Development of ligands to model enzymatic processes 
The development of ligand systems capable of modeling intermediates in biological systems 
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Figure 1.9 Catalytic reduction of nitrate and perchlorate by an iron catalyst containing a 
secondary coordination sphere. Figure adapted from reference 52; copyright AAAS, 2016.  
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optimized to perform one specific function and that function is often enabled by the presence of a 
protein scaffold that contains many non-covalent interactions that are essential to its function. 
Many reported synthetic systems that attempt to model enzymatic systems through the 
installation of non-covalent interactions place a metal in a tripodal ligand framework that 
contains pendant hydrogen bond donors or acceptors proximal to the metal center (Figure 
1.10).31,33,51,58–63  
However, there have been significantly fewer model systems that install an octahedral 
geometry around a bound metal center while maintaining hydrogen bonding 
functionalities.15,39,64,65 These systems have displayed similarly intriguing chemistry and been 
able to model a number of biological processes including the activation of O2, organic peroxides, 
and O-atom transfer reactions. 
This thesis focuses on the development of a new tetrapodal ligand capable of binding to late 
first row transition metals. The metal complexes are shown to effectively model iron(III)-
hydroxo functionalities, radical rebound hydroxylation, and small molecule (O2, ClO4-) 
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Figure 1.10 Tripodal ligands containing a secondary coordination sphere that have been 
previously studied.  
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CHAPTER 2: SYNTHESIS AND CHARACTERIZTION OF THE TETRAPODAL 




The synthesis of the ligand 2,2’,2'-methylbis-pyridyl-6-(2,2’,2’-methylbis-5-cyclohexyl-
iminopyrrol)-pyridine (Py2Py(piCy)2) is described. The tetrapodal ligand incorporates the pyrrole-
imine functionality into a new ligand scaffold that is capable of tautomerization to an azafulvene-
amine functionality upon binding of metal salt. The octahedral coordination geometry of the 
metal with the presence of hydrogen bonding moieties in the secondary coordination sphere 
expands on only a few examples that have been previously reported.  
2.2 Synthesis of previously published ligand precursors 
2.2.1 Synthesis of 1-(6-bromopyridin-2-yl)ethan-1-one (L1) 
The starting material of choice for the synthesis of the ligand 2,2’,2'-methylbis-pyridyl-6-
(2,2’,2’-methylbis-5-cyclohexyliminopyrrol)-pyridine (Py2Py(piCy)2) was 2,6-dibromopyridine 
due to its low cost and the ability to install different functionalities at both the 2- and 6- positions 
of the pyridine. The ligand synthesis also begins with a reaction that has been previously 
published,1,2 and used to make other ligands containing an axial pyridine functionality.3–8 
The installation of an acyl group at the 2- position was accomplished through the reaction of 
2,6-dibromopyrdine with nbutyl lithium in diethyl ether at 78 oC (dry ice/acetone cold bath), 
followed by the addition of dimethylacetamide (Figure 2.1). After the reaction had proceeded for 
1 h, the reaction vessel was removed from the dry ice/acetone bath and quenched with a 
saturated aqueous solution of ammonium chloride. The product was isolated from an aqueous 





nBuLi (1.6 M in hex)
Et2O, 0.5 h, -78 oC
-butane  -LiBr
DMA
Et2O, 1 h, -78 oC
xs NH4Cl (aq)
-78 oC to rt
Figure 2.1 Synthesis of ligand precursor L1. 
†Portions of this chapter are reproduced from the following publication with permission from the authors: 
Drummond, M. J.; Ford, C. L.; Gray, D. L.; Popescu, C. V; Fout, A. R. Radical Rebound Hydroxylation 
Versus H-Atom Transfer in Non- Heme Iron(III)-Hydroxo Complexes: Reactivity and Structural 
Differentiation. J. Am. Chem. Soc. 2019, ASAP. 
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The product, L1, was identified by 1H NMR spectroscopy with resonances that matched 
previously published values. During the course of the synthesis, L1 was used without further 
purification.  
2.2.2 Synthesis of 2-bromo-6-(2-methyl-1,3-dioxolan-2-yl)pyridine (L2) 
The synthesis was continued with the installation of a 1,3-dioxylane protecting group for the 
acyl functionality. L1 was reacted with ethylene glycol in refluxing benzene with a catalytic 
amount of p-toluenesulfonic acid (Figure 2.2), as has been previously reported.2 The solvent was 




Upon completion of the reaction the reaction mixture was neutralized and an aqueous work-
up performed.  Volatiles were removed from the combined organic layers to produce an oil that 
was subjected to column chromatography to isolate L2. The product was identified by its 
previously reported 1H NMR resonances.2  
2.3 Synthesis of novel ligand precursors 
2.3.1 Synthesis and characterization of 2,2’,2'-methylbis-pyridyl-6-(2-methyl-1,3-dioxolan- 
2-yl)pyridine (L3) 
With the previously published L2 in hand, the next step in the synthesis of a new ligand was 
pursued. The first step in the synthesis of L3 involves the deprotonation of 2-ethylpyridine by 
nbutyl lithium at 78 oC (dry ice/acetone). To the lithiated species was then added half an 
equivalent 2-fluorpyridine, and the loss of lithium fluoride produced 1,1-dipyridylethane. 
Heating of the reaction mixture allows for the deprotonation of the 1,1-dipyridylethane by the 
other half equivalent of lithiated 2-ethylpyridine, as has been previously demonstrated.9 Finally, 











Figure 2.2 Synthesis of ligand precursor L2. 
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An aqueous work up of the reaction mixture, and extractions of organic products using ethyl 
acetate, followed by the removal of volatile products led to the isolation of L3, which was 
identified by its 1H NMR spectrum (Figure 2.4). A common side product of the reaction mixture 
was 1,1,1-trispyridylethane, which could be characterized by its methyl resonance at 2.34 ppm in 
CDCl3.  
 
2.3.2 Synthesis and characterization of 2,2’,2'-methylbis-pyridyl-6-acyl-pyridine (L4) 
The removal of the 1,3-dioxylane protecting group was accomplished by stirring L3 in 3M 
aqueous hydrochloric acid for 4 h at room temperature (Figure 2.5). Neutralization of the 
reaction mixture upon completion and extraction with dichloromethane allowed for the isolation 
N
0.5






nBuLi (1.6 M in hex)
THF, 0.5 h, -78 oC
-butane
N F
1) -20 oC to RT






















Figure 2.3 Synthesis of ligand precursor L3. 
Figure 2.4 1H NMR spectrum of ligand precursor L3 in CDCl3. 
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2.3.3 Synthesis and characterization of 2,2’,2'-methylbis-pyridyl-6-(2,2’,2’-methylbis- 
pyrrolyl)-pyridine (L5) 
To install the pyrrole functionalities, L4 was reacted with excess pyrrole in the presence of 
3M hydrochloric acid and tetrahydrofuran as a solubilizing reagent (Figure 2.7). It was found 












1H NMR of L4 in d1-CDCl3 
CDCl3 
Py -CH 






Figure 2.5 Synthesis of ligand precursor L4. 
Figure 2.6 1H NMR spectrum of ligand precursor L4 in CDCl3. 
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trifluoroacetic acid (TFA), which has been used in similar systems to furnish the same 
reactivity.10  
 
After 18 h of reacting at room temperature, the reaction mixture was neutralized and 
extracted with dichloromethane. The organic layers were combined, dried over Na2SO4, and 
volatiles were removed. The brown residue that remained was washed with diethyl ether and a 
white suspension was formed. Filtration of the mixture allowed for the isolation of L5, which 














THF, 18 h, RT
- H2O













Figure 2.7 Synthesis of ligand precursor L5. 
Figure 2.8 1H NMR spectrum of ligand precursor L5 in CDCl3. 
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2.3.4 Synthesis and characterization of 2,2’,2'-methylbis-pyridyl-6-(2,2’,2’-methylbis-5- 
formyl-pyrrol)-pyridine (L6) 
The pyrrole functionalities were functionalized at the 5’ position using a Vilsmeier-Haack 
reaction to install a formyl group (Figure 2.9). Upon neutralization and aqueous work up the 
ligand precursor was extracted using dichloromethane. Drying of the organic fractions over 
Na2SO4 and removal of volatiles produced a pink powder that was used without further 
purification. L6 was characterized by 1H NMR spectroscopy, and the installation of a formyl 











40 oC, 2 h
2) aq. NaOAc



















Figure 2.9 Synthesis of ligand precursor L6. 
Figure 2.10 1H NMR spectrum of ligand precursor L6 in CDCl3. 
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2.3.5 Synthesis and characterization of 2,2’,2'-methylbis-pyridyl-6-(2,2’,2’-methylbis-5- 
cyclohexyliminopyrrol)-pyridine (Py2Py(piCy)2) 
To complete the ligand synthesis, L6 was reacted with 2.2 equivalents of cyclohexylamine in 
dichloromethane for 18 h at room temperature (Figure 2.11). After the completion of the 
reaction, volatiles were removed to leave a tan residue. The residue was transferred into a dry 
box, redisolved in dichloromethane and stored over 4 Å molecular sieves for 12 h. Subsequent 
removal of volatiles resulted in the isolation of Py2Py(piCy)2, which was characterized by 1H 

















DCM, 18 h, RT
- 2 H2O
Py2Py(piCy)2




















Figure 2.11 Synthesis of ligand precursor L6. 
Figure 2.12 1H NMR spectrum of ligand precursor L6 in CDCl3. 
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2.4 Experimental Section 
General Considerations. Chloroform-d1 was purchased from Cambridge Isotope Laboratories 
and stored over 4 Å molecular sieves prior to use. 2,6-dibromopyridine (Oakwood Chemical), 
nbutyllithium (1.6 M in hexanes) (Sigma-Aldrich), dimethylacetamide (Sigma-Aldrich), ethylene 
glycol (Macron), p-TSAH2O (Sigma-Aldrich), 2-fluoropyridine (Oakwood Chemical), pyrrole 
(Sigma-Aldrich), POCl3 (Sigma-Aldrich), and cyclohexylamine (Oakwood Chemical), were 
purchased from the vendor listed and used as received.  
Physical Methods. NMR spectra for ligand precursors were recorded on a Varian spectrometer 
operating at 400 MHz (1H NMR) or a Bruker spectrometer operating at 500 MHz (1H NMR) or 
126 MHz (13C NMR). Solid-state infrared spectra were recorded using a PerkinElmer Frontier 
FT-IR spectrophotometer equipped with a KRS5 thallium bromide/iodide universal attenuated 
total reflectance accessory. Mass spectra were recorded by the University of Illinois mass 
spectroscopy laboratory.  
Preparation of L1. The synthesis was adapted from previous literature with the product having 
identical properties as identified by 1H NMR spectroscopy. To a 250 mL Schlenk flask was 
added 2,6-dibromopyridine (3.9 g, 0.165 mmol, 1 equiv) of followed by the addition of 150 mL 
of diethyl ether and sealing with a rubber septum. The atmosphere of the flask was then flushed 
with N2 for 5 min followed by lowering the temperature of the reaction vessel to -78 oC (dry 
ice/acetone). After 10 min of stirring the white suspension, 10.0 mL of nbutyl lithium (1.6 M in 
hexanes 0.165 mmol, 1equiv) was added dropwise to the flask within 5 min forming a yellow 
solution. As the solution was added the reaction vessel was perturbed to encourage the mixing of 
the solid into the suspension. After 30 min of stirring, 1.4 g (0.16 mmol, 1.1 equiv.) of anhydrous 
dimethylacetamide (DMA) in 10 mL of diethyl ether was added dropwise to the reaction. The 
solution slowly turned brown over the course of 1.5 h stirring at -78 oC. Addition of 5 mL of 
saturated NH4Cl aqueous solution to quench the reaction produced a biphasic yellow mixture 
that was brought back to room temperature. Contents of the flask were transferred to a separatory 
funnel with the addition of 25 mL of H2O. The aqueous layer was extracted with three portions 
of 25 mL of diethyl ether with organic layers being combined and dried over MgSO4. Volatiles 
were removed to produce an orange oil that was used without further purification. 1H NMR 
(CDCl3, 400 MHz, 21 °C): δ 2.71 (s, 3H, -CH3), 7.26 – 7.98 (m, 2H, py-CH), 7.99 (dd, 1H, py-
CH). 
	 23 
Preparation of L2. The synthesis and purification was adapted from previous literature with the 
product having identical properties as identified by 1H NMR spectroscopy. To a 250 mL round 
bottom flask was added 6-bromo-2-acetylpyridine (3.0 g, 0.012 mmol) with 1.5 mL of ethylene 
glycol, 0.36 g of p-toluenesulfonic acid, and 30 mL of benzene. A Dean-Stark apparatus was 
attached to the flask and the solution was heated in an oil bath to 120 oC for 18 h. After cooling 
the reaction vessel, 5 mL of saturated NaHCO3 aqueous solution and 25 mL of H2O were added 
to the remaining brown-green solution in the round bottom flask. The mixture was transferred to 
a separatory funnel and the aqueous layer was extracted with three 25 mL portions of ethyl 
acetate. The organic portions were combined and dried over MgSO4. Volatiles were removed to 
give a brown oil that was then subjected to column chromatography (Si2O, EtOAC/hexanes 3:2, 
Rf = 0.5) to give L2 as a viscous yellow oil. 1H NMR (CDCl3, 400 MHz, 21 °C): δ 1.72 (s, 3H, -
CH3), 3.88 (m, 2H, 1,3-dioxylane –CH2), 4.09 (m, 2H, 1,3-dioxylane –CH2), 7.41 (m, 1H, py-
CH), 7.51 (m, 2H, py-CH). 
Preparation of L3. L3 was synthesized using a modified literature procedure. To a 250 mL 
three neck Schlenk flask outfitted with a gas inlet, reflux condenser topped with a rubber septum, 
and septum, was added 2- ethylpyridine (3.0 g, 28.0 mmol) and 100 mL of anhydrous 
tetrahydrofuran. N2 was flowed through the reaction vessel for 5 min. The flask was cooled to -
78 oC (dry ice/acetone) for 10 min prior to adding nbutyllithium in hexanes (17.5 mL of 1.6 M, 
28.0 mmol) within 5 min, turning the yellow solution deep red. After 30 min, the reaction vessel 
temperature was raised to -20 oC and 2-fluoropyridine (1.35 g, 14 mmol, 0.5 equivalent) was 
added dropwise to the reaction. The solution was brought to room temperature over 20 min, then 
refluxed for 1 h. The solution was subsequently cooled to room temperature and 2-bromo-6-(1,3-
dioxylane)pyridine (2.5 g, 10.2 mmol) was added in 10 mL of THF. The solution was then re- 
turned to reflux for 36 h. The flask was then cooled to room temperature and quenched with 25 
mL of H2O. The biphasic mixture was extracted with three 25 mL portions of ethyl acetate, with 
organic fractions combined and dried over Na2SO4. Volatiles were removed under reduced pres- 
sure leaving a brown oil that was used without further purification. 1H NMR (CDCl3, 500 MHz, 
21 °C): δ 1.64 (s, 3H, -CH3), 2.34 (s, 3H, -CH3), 3.90 – 3.85 (m, 2H, -CH2), 4.06 – 4.01 (m, 2H, -
CH2), 7.14 – 7.03 (m, 5H, py-CH), 7.35 (d, J = 7.7 Hz, 1H, py-CH), 7.62 – 7.52 (m, 3H, py-CH), 
8.56 (ddd, J = 6.0, 3.6, 2.5 Hz, 2H py-CH). 13C NMR (CDCl3, 126 MHz, 21 °C): δ 24.28, 27.10, 
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60.19, 64.99, 108.84, 116.85, 121.09, 122.55, 123.63, 135.77, 136.37, 148.63, 159.33, 164.79, 
166.20. ESI-MS: calculated [C21H22N3O2]+: 348.1712, found: 348.1699.  
Preparation of L4. To a 20 mL scintillation vial was added L3 (2.8 g, 8.0 mol) and 10 mL of 3 
M HCl. The reaction was allowed to stir for 4 h at room temperature. The solution was then 
transferred to a separatory funnel and neutralized with 20 mL of a saturated aqueous solution of 
NaHCO3, followed by 10 mL of distilled H2O. The aqueous layer was extracted with 3 portions 
of 25 mL of dichloromethane, with the organic layers combined and dried over Na2SO4. After 
removing the volatiles under reduced pressure, the product was obtained as a brown oil that was 
used without further purification (Yield, 2 steps: 2.4 g, 8.0 mmol, 78%) 1H NMR (CDCl3, 400 
MHz, 21 °C): δ 2.37 (s, 3H, -CH3), 2.52 (s, 3H, -CH3), 7.12 – 7.06 (m, 2H, py-CH), 7.14 (ddd, J 
= 7.5, 4.8, 1.1 Hz, 2H, py-CH), 7.40 (dd, J = 7.9, 1.0 Hz, 1H, py-CH), 7.59 (tt, J = 7.6, 2.0 Hz, 
3H, py-CH), 7.72 (t, J = 7.8 Hz, 1H, py-CH), 7.87 (dd, J = 7.7, 1.0 Hz, 1H, py-CH), 8.59 (ddd, J 
= 4.9, 1.9, 0.9 Hz, py-2H). 13C NMR (CDCl3, 126 MHz, 21 °C): δ 25.72, 27.21, 60.27, 119.07, 
121.44, 123.47, 127.66, 136.08, 136.69, 148.91, 152.21, 165.05, 165.76, 200.80. IR νmax : 1650 
cm-1, 1694 cm-1 (C=O). ESI-MS: calculated [C19H18N3O]+: 304.1450, found: 304.1459.  
Preparation of L5. L4 (2.5 g, 8.2 mmol) was added to a 20 mL scintillation vial, along with 5 
mL of pyrrole, 5 mL of 3 M HCl, and 2 mL of tetrahydrofuran. The solution was left to stir at 
room temperature for 18 h. Upon neutralization with a saturated aqueous solution of NaHCO3, 
the biphasic mixture was extracted with dichloromethane (3 x 25 mL). Upon removal of the 
volatiles, diethyl ether was added to the orange oil to form yellow suspension. After stirring for 2 
h, the suspension was filtered and the off-white solid, L5, was collected (1.86 g 4.4 mmol, 54%). 
1H NMR (CDCl3, 400 MHz, 21 °C): δ 2.02 (s, 3H, -CH3), 2.35 (s, 3H, -CH3), 5.93 (ddd, J = 3.3, 
2.5, 1.6 Hz, 2H, pyrrole-CH), 6.04 – 6.00 (m, 2H, pyrrole-CH), 6.48 (td, J = 2.6, 1.5 Hz, 2H, 
pyrrole-CH), 6.96 (dd, J = 7.9, 0.8 Hz, 1H, py-CH), 7.12 (dt, J = 8.1, 1.0 Hz, 2H, py-CH), 7.22 – 
7.16 (m, 3H, py-CH), 7.65 – 7.54 (m, 3H, py-CH), 8.65 (ddd, J = 4.9, 1.9, 1.0 Hz, 2H, py-CH), 
9.03 (b, 2H, pyrrole N-H). 13C NMR (CDCl3, 126 MHz, 21 °C): δ 27.34, 44.94, 59.96, 104.87, 
107.37, 116.81, 117.98, 20.32, 21.62, 123.73, 136.35, 136.92, 137.85, 149.02, 164.16, 164.90, 
165.87 ESI-MS: calculated [C27H26N5]+: 420.2188, found: 420.2203. 
Preparation of L6. To a 250 mL round-bottom flask was added L5 (1.30 g, 3.1 mmol), 5 mL of 
dimethylformamide, and 30 mL of dichloromethane, forming a yellow solution. A solution of 
POCl3 (1.0 g, 6.5 mmol, 2.1 equivalent) in 10 mL of dichloromethane was added to the solution 
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dropwise forming a pink solution that was heated to 40 oC for 2 h. An aqueous solution of 
sodium acetate was prepared (2.5 g in 50 mL distilled water) and added to the stirred solution 
and heated at 45 oC for 1 h. The biphasic mixture was then cooled and neutralized using solid 
Na2CO3, and extracted with dichloromethane (3 x 20 mL). Organic fractions were combined and 
dried over Na2SO4, followed by the removal of volatiles under reduced pressure to give a pink 
powder, L6, (1.6 g, 3.1 mmol, 99%). 1H NMR (CDCl3, 400 MHz, 21 °C): δ 2.03 (s, 3H, -CH3), 
2.39 (s, 3H, -CH3), 6.04 (dd, J = 3.9, 2.4 Hz, 2H, pyrrole-CH), 6.80 (dd, J = 3.9, 2.4 Hz, 2H, 
pyrrole-CH), 7.03 (d, J = 7.8 Hz, 1H, py-CH), 7.12 (ddd, J = 7.5, 4.8, 1.1 Hz, 2H, py-CH), 7.15 
(dt, J = 8.0, 1.1 Hz, 2H, py-CH), 7.57 (td, J = 7.7, 1.9 Hz, 2H, py-CH), 7.63 (t, J = 7.9 Hz, 1H, 
py-CH), 8.57 (ddd, J = 4.9, 2.0, 1.0 Hz, 2H, py-CH), 9.37 (s, 2H, -CHO), 9.86 (b, 2H-pyrrole-
NH). 13C NMR (CDCl3, 126 MHz, 21 °C): δ 27.16, 27.28, 46.26, 60.07, 109.62, 118.32, 121.46, 
122.20, 123.36, 128.31, 129.11, 132.61, 136.33, 137.67, 144.72, 148.94, 160.63, 165.56, 178.68. 
IR νmax: 1650 cm-1 (C=O). ESI-MS: calculated [C29H26N5O2]+: 476.2087, found: 476.2065. 
Preparation of Py2Py(piCy)2. In a 20 mL scintillation vial L6 (1.55 g, 3.0 mmol, 1 equivalent) 
was dissolved in 10 mL of dichloromethane, followed by the addition of cyclohexylamine (0.65 
g, 6.5 mmol, 2.2 equivalent). The reaction was stirred at room temperature for 18 h followed by 
the removal of volatiles under reduced pressure, yielding a brown powder. The brown powder 
was taken into a dry glovebox, dissolved in dichloromethane, and stored over 4 Å molecular 
sieves overnight. Removal of volatiles under reduced pressure furnished a tan powder, 
Py2Py(piCy)2, (1.7 g, 2.7 mmol, 88%) 1H NMR (CDCl3, 400 MHz, 21 °C): 1.15-1.77 (m, 20H, 
cyclohexyl-CH2), 1.90 (s, 3H, -CH3), 2.47 (s, 3H, -CH3), 3.00 (tt, J = 10.5, 4.0 Hz, 2H, 
cyclohexyl-CH), 5.91 (d, J = 3.6 Hz, 2H, pyrrole-CH), 6.30 (d, J = 3.6 Hz, 2H, pyrrole-CH), 
6.86 (d, J = 7.8 Hz, 1H, py-CH),  7.09 (ddd, J = 7.5, 4.8, 1.1 Hz, 2H, py-CH), 7.16 (d, J = 7.9 
Hz, 1H, py-CH), 7.20 (dt, J = 8.1, 1.1 Hz, 2H, py-CH), 7.58 – 7.48 (m, 3H, py-CH), 7.96 (s, 2H, 
imine-CH), 8.60 – 8.57 (m, 2H, py-CH), 9.67 (s, 2H, pyrrole-NH). 13C NMR (CDCl3, 126 MHz, 
21 °C): 25.12, 25.83, 27.65, 29.00, 29.86, 34.83, 46.33, 60.42, 69.51, 108.12, 112.86, 118.62, 
121.30, 123.74, 130.50, 136.24, 137.38, 139.81, 148.83, 148.92, 163.11, 164.75, 166.30.  IR 
νmax: 1635 cm-1 (C=N) ESI-MS: calculated [C41H48N7]+: 638.3971, found: 638.3957. 
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CHAPTER 3: SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF IRON 
COMPLEXES AS MODELS FOR NON-HEME 2-OXO GLUTERATE DEPENDENT 
HYDROXYLASE AND DESATURASE ENZYMES† 
 
3.1 Introduction 
3.1.1 Non-heme 2-oxo gluterate (iron-2OG) dependent dioxygenase enzymes 
The characterization of short-lived intermediates in enzymatic cycles has often been aided by 
synthetic model systems with well-defined molecular scaffolds. For example, extensive work has 
detailed the spectroscopic properties, structural parameters, and reactivity trends of iron(IV)-oxo 
species in synthetic systems.1–5 These findings have been invaluable in assigning key ferryl 
intermediates in non-heme 2-oxogluterate dependent (iron-2OG) enzymes that activate O2.6–8  
3.1.2 Divergent reactivity in iron-2OG enzymes: hydroxylation versus desaturation 
The ferryl functionality, resulting from the cleavage of dioxygen, has been identified in 
enzymatic systems using stopped-flow UV-visible and Mössbauer spectroscopies.9–11 The 
proposed subsequent step involves hydrogen-atom abstraction from a bound organic substrate to 
form a caged substrate radical and an iron(III)-hydroxo species (Figure 3.1, center). This ferric-
hydroxo species, which has not been observed spectroscopically in enzymatic systems,10,12 can 
then perform a radical rebound reaction to hydroxylate the substrate (Figure 3.1, right). 
Computational studies have estimated an activation barrier of 1-4 kcal/mol for substrate 
hydroxylation, with an intermediate lifetime of ~20 ps,13–17 but attempts to trap an intermediate 
using a radical clock have been unsuccessful.  
It has recently been shown that the presence of an arginine residue in proximity of the 
enzyme active site is necessary to properly position the oxo moiety and substrate for 
hydroxylation.18 Alternatively, the absence of the arginine in proximity of the active site, among 
other factors such as the presence of adjacent heteroatoms (N or O) in substrate, may favor 
alternate reactivity, such as substrate desaturation (Figure 3.1, left),19–21 ring formation,22 
decarboxylation,23 or halogenation.24 The divergence in reactivity and lack of spectroscopic 
information about the iron(III)-hydroxo intermediate leads us to suggest that non-covalent 
†Portions of this chapter are reproduced from the following publication with permission from the authors: 
Drummond, M. J.; Ford, C. L.; Gray, D. L.; Popescu, C. V; Fout, A. R. Radical Rebound Hydroxylation 
Versus H-Atom Transfer in Non- Heme Iron(III)-Hydroxo Complexes: Reactivity and Structural 
Differentiation. J. Am. Chem. Soc. 2019, ASAP. 
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interactions with the ferric-hydroxide may dictate some part of the differing reactivity observed 
within iron-2OG enzymes. 
 
3.1.3 Synthetic systems modeling iron-2OG intermediates, hydroxylation, or desaturation 
The few reports of synthetic iron(III)-hydroxo complexes, have mostly required the presence 
of hydrogen bond donors in the secondary coordination sphere to stabilize the complex,25,26,35,27–
34 and none of these systems have mimicked the C–O(H) bond formation step common in iron-
2OG enzymes. Goldberg, however has recently reported iron(III)-methoxide and iron(IV)-
hydroxo complexes that demonstrated radical rebound-like reactions with the addition of trityl 
based C-centered radicals.36,37  
Inspired by the work of the Chang27 and Goldberg38–40 groups, who have used polypyridyl 
ligands with a secondary coordination sphere to study high-valent iron chemistry, we sought to 
combine the polypyridyl system with the tautomerizable pyrrole-imine motif into a single ligand 
scaffold. The ligand Py2Py(afaCy)2 was complexed with iron(II) salts, and the synthesis and 
characterization of five iron complexes is reported, including two unique iron(III)-hydroxo 
complexes with differentiated electronic structures and reactivity analogous to iron 2-OG 
enzymatic systems.  
3.2 Complexation of Py2Py(piCy)2 with iron salts and characterization of iron complexes 
3.2.1 Synthesis and characterization of [Py2Py(afaCy)2FeIIOTf]OTf (1-Fe)  
Py2Py(piCy)2 was dissolved in tetrahydrofuran to form a pale yellow solution, to which 
Fe(OTf)2(MeCN)2 (OTf = trifluoromethanesulfonate) was added. An immediate color change to 
deep red was observed, followed by the precipitation of a yellow solid. After 1 h of stirring, the 
Figure 3.1  Alternative reactivity pathways from a proposed iron(III)-hydroxide intermediate in 
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suspension was filtered and the yellow precipitate, [Py2Py(afaCy)2FeIIOTf](OTf) (1-Fe), was 
isolated (Figure 3.2).  
	 
Characterization of this compound by IR spectroscopy revealed tautomerization of the 
pyrrole-imine moieties of the free ligand to the azafulvene-amine tautomeric form, with a C=N 
stretch at 1635 cm-1, the same was reported for the corresponding iron(II) complex of the tripodal 
ligand system, N(afaCy)3FeIIOTf2.41 Stretches observed at 3215 cm-1 and 3285 cm-1 were assigned 
as N–H stretches of the amines. Crystals suitable for X-ray diffraction were grown from vapor 
diffusion of diethyl ether into a concentrated solution of 1-Fe in acetonitrile. Refinement of the 
data revealed an octahedral iron(II) center coordinated to three pyridyl nitrogen atoms, two 
azafulvene nitrogen atoms, and one oxygen atom of a triflate anion (Figure 3.2). Both of the 
amine moieties of the secondary coordination sphere were pointed away from the iron center, 
with one amine engaged in hydrogen bonding to the outer-sphere triflate.  
3.2.2 Synthesis and characterization of [Py2Py(afaCy)2FeIIOH]OTf (2-Fe) 
To determine if the ligand arms were able to hydrogen bond with a bound axial ligand, 1-Fe 
was reacted with KOH in acetonitrile, turning the yellow solution bright red over the course of 1 
h. After the removal of solvent in vacuo, the residue was treated with dichloromethane to 
solubilize the desired metal species. Analysis of the red product, [Py2Py(afaCy)2FeIIOH]OTf (2-
Fe), by IR spectroscopy showed a C=N stretch at 1656 cm-1, consistent with the azafulvene-
amine tautomeric form of the ligand, and a feature at 3640 cm-1, assigned as an O–H stretch. 
Crystals suitable for X-ray diffraction were grown from the vapor diffusion of diethyl ether into 
a concentrated solution of 2-Fe in acetonitrile (Figure 3.3).  
Analysis of the data showed a hydroxo ligand bound to the iron center (Figure 3.3). Both 
azafulvene-amine arms of the secondary coordination sphere were engaged in hydrogen bonding 































Figure 3.2 The synthesis of 1-Fe from Py2Py(piCy)2 and crystal structure of 1-Fe. Solvent, 
non-hydrogen bonded hydrogen atoms, and anions are omitted for clarity.  
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hydrogen bond donor (Table 3.6). The Fe–O distance of 2.0020(12) Å is similar to reported 
iron(II)-hydroxo complexes.26,27,41–45 The solution magnetic moment (µeff) of 5.21 µB was 
determined by Evans’ method, corroborating the assignment of 2-Fe as a high spin S =2 iron(II) 
species.  
 
It was determined that 2-Fe could be converted back to 1-Fe through the addition of 2-
aminobenzimidazolium triflate (pKa = 16.1 in acetonitrile)46 to form what we tentatively assign 
as an iron(II)-aquo species; subsequent release of water reforms 1-Fe upon removal of volatiles 
or attempts at crystallization (Figure 3.3). Alternatively, the addition of benzylammonium triflate 
(pKa = 16.9 in acetonitrile) showed no reactivity towards 2-Fe, as assayed by 1H NMR 
spectroscopy. The observed reactivity led to the assignment of a lower limit pKb value of 16.1 
for 2-Fe (the exact pKb may be slightly different due to ligand exchange energetics between the 
loss of water and triflate binding to the iron).  
3.2.3 Synthesis and characterization of Py2Py(piCy)2FeIIOH2 (3-Fe) 
An investigation of both the acidity of 2-Fe and the possibility of anionic coordination of the 
ligand to the iron center was also undertaken. The addition of one equivalent of KH to 2-Fe in 
acetonitrile led to the formation of a bright pink precipitate identified as Py2Py(piCy)2FeIIOH2 (3-
Fe). The pKa of 2-Fe was determined through the addition of bases with reported pKa values in 
acetonitrile46 and monitoring the solution for the precipitation of 3. It was determined that 
triethylamine (pKa = 18.82) could not deprotonate 2-Fe, while addition of pyrrolidine (pKa = 
19.56) led to the precipitation of 3-Fe, establishing a lower bound for the pKa for 2-Fe. Complex 
3-Fe could also be protonated with 2,6-lutidinium triflate (LuHOTf) to reform 2-Fe (Figure 3.4).  
Further characterization of 3-Fe was achieved with IR spectroscopy displaying a single C=N 
stretch in the IR spectrum at 1615 cm-1, consistent with previously reported values of anionic 









































Figure 3.3 The synthesis of 2-Fe from 1-Fe and crystal structure of 2-Fe. Solvent, non-
hydrogen bonded hydrogen atoms, and anions are omitted for clarity.  
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grown from vapor diffusion of diethyl ether into a concentrated solution of 3-Fe in a 5:1 mixture 
of dimethylacetamide and dichloromethane. The resulting structure showed an iron(II)-aquo 
complex, with an Fe–O bond length of 2.0954(17) Å (Figure 3.4).  
 
3.2.4 Synthesis and characterization of [Py2Py(afaCy)2FeIIIOH]OTf2 (4-Fe) 
With the iron(II) complexes in hand, the oxidations of 2-Fe and 3-Fe to their corresponding 
ferric species was investigated. Silver triflate (AgOTf) was added to a solution of 2-Fe in 
dichloromethane in the dark, turning the bright red solution dark red-brown immediately. 
Filtration of the solution revealed the presence of Ag0, and upon evaporation of the filtrate, a 
brown residue was obtained. Analysis of the product by IR spectroscopy showed a C=N 
stretching frequency at 1660 cm-1, confirming the azafulvene-amine tautomeric form of the 
ligand. There was also a broad stretch observed at 3585 cm-1 that was tentatively assign as an O–
H stretch.   
 
Crystals suitable for X-ray diffraction were grown from the vapor diffusion of diethyl ether 
into a concentrated solution of the metal complex in acetonitrile. Refinement of the data revealed 
an iron(III)-hydroxo species, [Py2Py(afaCy)2FeIIIOH](OTf2) (4-Fe), isostructural to 2-Fe, with a 




































































Figure 3.4 The synthesis of 3-Fe from 2-Fe and crystal structure of 3-Fe. Solvent and non-
hydrogen bonded hydrogen atoms are omitted for clarity.  
Figure 3.5 The synthesis of 4-Fe from 2-Fe and crystal structure of 4-Fe. Solvent, anions, and 
non-hydrogen bonded hydrogen atoms are omitted for clarity.  
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anion (Figure 3.5). The solution magnetic moment of 4-Fe was determined by the Evans’ method 
to be 6.11(26) µB, consistent with a S = 5/2 high spin iron(III) center.26,32,47,48 It was found that 4-
Fe could undergo a chemical reduction to re-form 2-Fe through the use of cobaltocene (Cp2Co, 
E0  = -1.33 V vs. Fc0/+) in acetonitrile. 
3.2.5 Synthesis and characterization of [Py2Py(afaCy)(piCy)FeIIIOH]OTf (5-Fe) 
Similarly, a pink suspension of 3-Fe in dichloromethane was oxidized in the presence of 
AgOTf, forming a red-brown solution. Analysis of the product by 1H NMR spectroscopy yielded 
a similar spectrum to 4-Fe (Figure 3.6); however, a new resonance at 22 ppm and changes in the 
broad resonances between 60 and 120 ppm suggested the formation of a new species. IR 
spectroscopy showcased the presence of both the pyrrole-imine and azafulvene-amine tautomers, 
with C=N stretches at 1616 cm-1 and 1658 cm-1, respectively.  
 
Crystals suitable for X-ray diffraction were grown from the vapor diffusion of diethyl ether 
into a concentrated solution of the metal complex in dichloromethane. Refinement of the data 
revealed another iron(III)-hydroxo complex, [Py2Py(afaCy)(piCy)FeIIIOH]OTf (5-Fe) that 
contained one outer-sphere triflate anion and the presence of a hydroxo ligand bound to the iron. 
The hydroxo proton was acting as a hydrogen bond donor to a pyrrole-imine ligand arm, with the 
other ligand arm in the azafulvene-amine tautomer donating a hydrogen bond to the hydroxo 
moiety.  (Figure 3.6). The Fe–O bond length of 5 (1.8755(18) Å) is similar to 4, which was also 
assigned as an iron(III) hydroxo and contracted relative to 2. The solution magnetic moment of 5 
was 5.97(14) µB, supporting its formulation as a S = 5/2 high spin iron(III) center. It was found 
that 5-Fe could undergo a chemical reduction to re-form 3-Fe through the use of cobaltocene 



































Figure 3.6 The synthesis of 5-Fe from 3-Fe and crystal structure of 5-Fe. Solvent, anions, and 
non-hydrogen bonded hydrogen atoms are omitted for clarity.  
 33 
3.2.5 Interconversion of  4-Fe and 5-Fe 
The interconversion of the ferric hydroxide complexes was achieved by the addition of 
LuHOTf to 5 or KH to 4. The pKa of 4 was determined through the addition of bases with 
reported pKa values in acetonitrile46 and monitoring of the solution by 1H NMR spectroscopy for 
the formation of 5. It was determined that benzylamine (pKa = 16.91) could deprotonate 4 while 
2-aminobenzimidazole (pKa = 16.08) could not, giving an estimated pKa of 16.5 (±0.4) (Figure 
3.7).   
 
3.3 Further characterization of iron complexes 
3.3.1 Cyclic voltammetry of iron complexes 
An investigation of the iron 
complexes was undertaken 
using cyclic voltammetry in 
acetonitrile to investigate the 
reduction potentials and 
reversibility of the chemical 
oxidations and reductions. The 
cyclic voltammograms showed 
the reversible reduction of 4-Fe 
to 2-Fe and 5-Fe to 3-Fe with 
the reduction potential of 5-Fe 
nearly 300 mV more positive 
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Figure 3.8 Cyclic voltammograms of 4-Fe and 5-Fe in 
acetonitrile. Concentrations of analytes were 1 mM with 0.1 
M TBAPF6 as a supporting electrolyte. A scan rate of 100 
mV/s was used.  
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3.3.2 X-band Electron Paramagnetic Resonance (EPR) spectroscopy of iron complexes 
Complexes 4-Fe and 5-Fe were further differentiated using X-band EPR spectroscopy at 10 
K. The spectra are complex and not easily simulated, but illustrate the differentiated electronic 
structures for each ferric hydroxo species (Figure 3.9). Further characterization of the electronic 
structures of this series of iron complexes is ongoing due to the complexities of the electronic 
structures.  
 
3.3.3 UV-visible spectroscopy of iron complexes 
The UV-visible spectra of iron complexes 1-Fe, 2-Fe, 4-Fe, and 5-Fe were recorded in 
acetonitrile at 0.02 mM and 0.5 mM (Figures 3.10-3.13). Complex 3-Fe was not soluble in 
acetonitrile and data was not collected for that system.  
[Py2Py(afaCy)2FeIIIOH]OTf2 
5 mM, 10 K, 1:1 MeCN:DCM 
[Py2Py(afaCy)(piCy)FeIIIOH]OTf 
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Figure 3.9 X-band EPR spectra of 4-Fe and 5-Fe in 1:1 mixture of acetonitrile and 





























Figure 3.10 UV-visible spectra of 1-Fe in acetonitrile (0.02 mM, 0.5 mM inset).  



























Figure 3.12 UV-visible spectra of 4-Fe in acetonitrile (0.02 mM, 0.5 mM inset).  
Figure 3.13 UV-visible spectra of 4-Fe in acetonitrile (0.02 mM, 0.5 mM inset). 
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3.3.4 Mössbauer spectroscopy of iron complexes 
The electronic structures of the iron 
complexes were investigated using 
Mössbauer spectroscopy. The 6 K 
Mössbauer spectra of polycrystalline 
powders of compounds 1-Fe, 2-Fe, and 3-Fe 
show quadrupole doublets (Figure 3.14) 
with isomer shifts between 1.10-1.15 mm/s 
and large quadrupole splittings (ΔEQ > 1.90 
mm/s) typical for high-spin ferrous 
complexes with N/O coordination.49 As is 
typical for molecular complexes in 
polycrystalline samples the electronic spin 
relaxes fast on the Mossbauer time-scale, 
therefore no hyperfine structure is observed.  
The asymmetric broadening of doublets 1-
Fe and 2-Fe is consistent with anisotropic 
spin relaxation effects and it is not observed 
at higher temperatures (> 100 K) and in zero 
field (Spectrum of complex 3-Fe).  In 
contrast to the ferrous complexes, 
complexes 4-Fe and 5-Fe exhibit 
paramagnetic spectra at 6 K.  The isomer 
shifts of 0.5 mm/s and small quadrupole 
splittings are typical for S = 5/2 ground states as are the spectral patterns (Table 3.7). Studies of 
the iron complexes using Mössbauer spectroscopy are ongoing to fully characterize the 
electronic structures.  
3.4 Reactivity of iron(III)-hydroxo complexes as H-atom acceptors 
3.4.1 Estimation of bond dissociation free energies (BDFEs) of iron complexes 
Determination of the iron(II)/iron(III) redox couples and the pKa values (Figure 3.x) allowed 
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Figure 3.14 Mössbauer spectra of 1-Fe, 2-Fe, and 
3-Fe at 6 K and  70 mT for (1-Fe) and (2-Fe) and 
in 0 T (3-Fe).  Hash marks are raw data, red lines 
are spectral simulations with the parameters 
shown. Full simulation parameters are located in 




Equation 3.1.50 Due to the complicating non-equilibrium effects in the pKa determination of 2-Fe 
(precipitation of 3-Fe in acetonitrile), the reduction potential between 2-Fe and 4-Fe, and the pKa 
between 4-Fe and 5-Fe were used in the BDFE calculation of 2-Fe, which was determined to be 
approximately 71 kcal/mol. Similarly, a BDFE of ~70 kcal/mol was determined for 1-Fe using 
the reduction potential between 2-Fe and 4-Fe and the pKa between 2-Fe and 1-Fe (the exact 
BDFE may be slightly different due to the ligand exchange energetics going between 
complexes). These data show that 4-Fe and 5-Fe have similar driving forces for the oxidation of 
substrate with BDFEs falling between the iron(IV)-oxo (87 kcal/mol) and iron(III)-oxo (66 
kcal/mol) complexes reported by Borovik.47,51  
 
BDFE(O-H) = 23.06 E1/2 + 1.37 pKa + C            (Equation 3.1) 
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Figure 3.15 Complexation of Py2Py(piCy)2 with iron salts, the interconversion between of 
all iron complexes, and relevant thermodynamic properties. All values reported in 
acetonitrile.  
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3.4.2 Reactivity of iron(III)-hydroxo complexes towards diphenyl hydrazine (DPH) 
To assay the calculated BDFE’s experimentally 1,2-diphenylhydrazine (DPH, BDFE = 69 
kcal/mol) was used as an H-atom transfer source. The addition of DPH to 5-Fe in acetonitrile 
resulted in a color change from dark brown-red to bright red over the course of 1 h. The 
formation of azobenzene was noted and 2-Fe was identified as the only product by 1H NMR 
spectroscopy. Similarly, the addition of DPH to 4-Fe resulted in the formation of the proposed 
iron(II)-aquo intermediate, before loss of water resulted in the formation of 1-Fe. The rates of the 
reactions were also surveyed under pseudo–first order conditions using time resolved UV-visible 



































Absorbance at 437 nm 
Figure 3.16 Reaction of 4-Fe with DPH under pseudo-first order conditions in acetonitrile. 




3.4.3 Parallels to iron-2OG dependent desaturase enzymes 
Interestingly, the addition of weak C–H bonds such as 1,4-cyclohexadiene or 
dihydroanthracene (BDFE’s ~77 kcal/mol in acetonitrile) resulted in no reaction for either 
complex. Since complexes 4-Fe and 5-Fe are unable to activate even weak C–H bonds, these 
species may provide important mechanistic information for iron-2OG desaturase enzymes.  
The desaturation of C–C bonds is most commonly observed in heme and di-iron enzymes 
that maintain an iron(IV) species after the first H-atom abstraction (HAA) from substrate.52 By 
comparison, iron-2OG enzymes do not seem as well equipped to perform a second HAA with the 
formation of an iron(III)-hydroxo, instead of a more oxidatively potent iron(IV) species. 
However, multiple iron-2OG enzymes have demonstrated the installation of olefins, with most 
studies invoking a mechanism of two subsequent HAAs.53–55 A recent mechanistic investigation 
for one of these desaturases, highlighted the importance a heteroatom (N or O) adjacent to the 
desaturation site for most native substrates in iron-2OG enzymes.20 The heteroatom is proposed 
to assist in the removal of the second H-atom through a polar cleavage mechanism (electron 
transfer-proton transfer), as opposed to a concerted HAA by the iron(III)-hydroxo.  





























Figure 3.17 Reaction of 5-Fe with DPH under pseudo-first order conditions in acetonitrile. 
The reaction was monitored at 416 nm for the decrease in signal from 5-Fe (inset).    
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The same study, and others,56,57 have shown that substrates without the presence of a 
heteroatom can also be desaturated by iron-2OG enzymes. Not all the reports of iron-2OG 
desaturation enzymes have detailed product profiles, so it is difficult to know if substrate 
hydroxylation overrides, or is in close competition with desaturation in all iron-2OG enzymes. 
However, the inability of 4-Fe and 5-Fe to react with weak C–H bonds support the observation 
that a second HAA may not be operative in all desaturation mechanisms for iron-2OG desaturase 
enzymes due to the iron(III)-hydroxide intermediate’s lack of oxidizing power. It is possible that 
the C-H bond involved in the second H-atom removal (proximal to the C from the first HAA) is 
significantly weakened to the point where the iron(III)-hydroxide could abstract an H-atom, but 
we are not aware of studies that identify the extent to which that C-H bond is weakened.  
3.5 Reactivity of iron(III)-hydroxo complexes for radical rebound hydroxylation 
3.5.1 Reactivity of 4-Fe towards Gomberg’s dimer 
In addition to exploring the oxidative potency of 4-Fe and 5-Fe, we sought to determine if a 
radical rebound hydroxylation could be accomplished by the iron(III)-hydroxide complexes. The 
addition of 0.5 equiv of Gomberg’s dimer to 4-Fe at room temperature led to a rapid color 
change from dark brown-red to yellow. Analysis of the organic species in the reaction showed 
production of triphenylmethanol in high yield (99% by GC-MS with mesitylene internal 
standard). The hydroxylation of the triphenylmethylradical species was concomitant with the 
formation of 1-Fe (Figure 3.18). This reaction represents a rare example of radical rebound 








































Figure 3.18 Reaction of 4-Fe Gomberg’s dimer (triphenylmethyl radical).     
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The rate of hydroxylation was investigated further using UV-visible spectroscopy. The 
stoichiometric reaction of 4 reacting with Gomberg’s dimer was completed within a minute with 
isobestic conversion to 1 (Figure 3.19-3.20).  Under pseudo-first order conditions with 10 
equivalents of Gomberg’s dimer, the hydroyxlation was complete within approximately 10 
seconds at 25 oC (Figure 3.x). Attempts to determine if the hydroxyl ligand is concertedly 
transferred to substrate through the use of para-substituted trityl derivatives were inconclusive 
due to incompatible solvents for the production of the monomeric trityl radical derivatives and 
solubility of 4-Fe. 
 

































Figure 3.19 Reaction of 4-Fe with triphenylmethy radical (Gomberg’s dimer) under 
pseudo-first order conditions in 1:1 acetonitrile/tetrahydrofuran. The reaction was monitored 
at 437 nm for the decrease in signal from 4-Fe (inset).    
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3.5.2 Reactivity of 5-Fe towards Gomberg’s dimer 
To contrast the differences between the two ferric-hydroxide complexes, Gomberg’s dimer 
was added to 5 to determine if it was also capable of performing the hydroxylation reaction that 
is dominant in most iron-2OG enzymes. Over the course of 24 h the reaction mixture turned 
from dark red-brown to bright red. Analysis of the reaction by 1H NMR spectroscopy showed the 
formation of 2, with partial consumption of Gomberg’s dimer to form triphenylmethanol over 24 
h. The sluggish rate of the reaction, and the formation of 2 (a net H-atom transfer), suggests that 
the hydroxylation of Gomberg’s dimer cannot be accomplished by 5-Fe alone.  
Monitoring the 1H NMR spectra of 5-Fe showed no change in the paramagnetic resonances 
upon addition of H2O, however upon addition of Gomberg’s dimer to this solution, conversion to 
2-Fe was observed (Figure 3.21).  Similarly, the reaction of 5 and Gomberg’s dimer in wet 
solvent under pseudo-first order conditions was monitored by UV-visible spectroscopy, and 
showed the reaction proceeding to completion within 10 minutes (Figure 3.22). Monitoring the 
reaction in dry solvent did show some consumption of the triphenylmethylradical, but only 
minimal conversion was observed (Figure 3.23).  

































Figure 3.20 Reaction of 4-Fe with triphenylmethy radical (Gomberg’s dimer) under 
pseudo-first order conditions in 1:1 acetonitrile/tetrahydrofuran. The reaction was monitored 
at 437 nm for the decrease in signal from 4-Fe and 516 nm for the decrease in signal from 






5 + H2O 


































Absorbance at 516 nm 
Figure 3.21 1H NMR spectra of the 5-Fe (blue trace), followed by the addition of H2O to 5-
Fe (green trace), and finally the addition of Gomberg’s dimer to the reaction (red trace). 
There is no apparent reaction between 5-Fe and H2O, but the introduction of Gomberg’s 
dimer triggers the formation of 2-Fe and Ph3COH.  
Figure 3.22 Reaction of 5-Fe with triphenylmethy radical (Gomberg’s dimer) under 
pseudo-first order conditions in 1:1 dry acetonitrile/tetrahydrofuran. The reaction was 
monitored at 516 nm for the decrease in signal from triphenylmethyl radical (inset).    
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3.5.3 Isotope incorporation into 4-Fe and 5-Fe 
3.5.3.1 Incorporation of 18O label into 4-Fe and its reactivity towards Gomberg’s dimer 
In order to provide more evidence for the proposed mechanisms of hydroxyl transfer for 4-Fe 
and the need for adventitious water in order for 5-Fe to perform a hydroxylation of Gomberg’s 
dimer, 18O isotopologues of the 4-Fe and 5-Fe were synthesized.  
An 18O isotopologue of 4-Fe was synthesized from 1-Fe with the use of H218O, and 
incorporation up to 71% was observed for the 18O isotopologue of 4-Fe (Figure 3.24, Table 3.1). 
We hypothesize the actual isotope incorporation is higher due to a larger percentage 
incorporation of the 18O label into triphenylmethanol (82%, Figure 3.25, Table 3.2) from the 
reaction of the 18O isotopologue of 4-Fe with triphenylmethylradical. The observed differences 
suggest there may be some exchange with adventitious water and the hydroxo ligand of 4-Fe 
prior to analysis of the metal complexes by ESI-MS. The exchange of water and the hydroxo 
ligand was corroborated by stirring unlabeled 4-Fe in acetonitrile spiked with H218O for 1 h, 
leading to ~50% incorporation of 18O label in complex 4-Fe (Figure 3.26, Table 3.3). 


























Figure 3.23 Reaction of 5-Fe with triphenylmethy radical (Gomberg’s dimer) under 
pseudo-first order conditions in 1:1 wet acetonitrile/tetrahydrofuran. The reaction was 






























16O Complex 4 










m/z 707 708 709 710 711 712 713 714 
 
M-2 M-1 M M+1 M+2 M+3 M+4 M+5 
A 1.23E+06 6.59E+05 1.92E+07 9.65E+06 1.43E+07 8.08E+06 2.38E+06 4.65E+05 
B 2.33E+06 1.54E+06 2.46E+07 1.26E+07 3.28E+06 1.36E+06 4.76E+05 2.38E+05 
C -1.10E+06 -8.81E+05 -5.40E+06 -2.95E+06 1.10E+07 6.72E+06 1.90E+06 2.27E+05 
D -89.4 -133.7 -28.1 -30.6 77.1 83.2 80.0 48.8 
Figure 3.24 Installation of an 18O label into complex 4-Fe as surveyed by ESI-MS. The 
black values represent the relative values of unenriched 4-Fe. The red values represent the 
isotopically enriched 4-Fe.  
Table 3.1 ESI-MS data and calculation of 18O label incorporation for 4-Fe. Averaging of the 
absolute value percentage incorporation (Row D, bold values used in calculation) showed 
71% 18O incorporation. 
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m/z 259.1 260.1 261.1 262.1 263.1 264.1 
Relative Mass M -1 M M+1 M+2 M+3 M+4 
A 4.6 58.7 19.9 96.6 21.8 3 
B 9.5 100 22.4 3.2 0 0 
C -4.83 -41.26 -2.46 93.46 21.8 3 































































Figure 3.25 Transfer of the 18O label from complex 4-Fe to triphenylmethyl radical as 
surveyed by EI-MS. The black values represent the relative values of unenriched Ph3COH. 
The red values represent the isotopically enriched Ph3COH.  
Table 3.2 EI-MS data and calculation of 18O label incorporation to Ph3COH from complex 
4-Fe. Averaging of the absolute value percentage incorporation (Row D, bold values used in 




m/z 857 858 859 860 861 862 863 864 
 
M-2 M-1 M M+1 M+2 M+3 M+4 M+5 
A 31.99 13.33 743.80 401.90 347.90 142.00 43.31 10.26 
B 58.00 28.14 796.90 411.70 411.70 46.28 13.79 4.55 
C -26.01 -14.81 -53.10 -9.80 -63.80 95.72 29.52 5.71 
D -81.3 -111.1 -7.1 -2.4 -18.3 67.4 68.2 55.6 
 
3.5.3.2 Incorporation of 18O label into 5-Fe and its reactivity towards Gomberg’s dimer 
To determine if adventitious water is involved in the hydroxylation of Gomberg’s dimer 
reaction with 5-Fe this, the reaction of 5-Fe and Gomberg’s dimer was performed in solvent 
spiked with H218O. The conversion of 5-Fe to 2-Fe was observed over the course of 1 h, and 
analysis of the triphenylmethanol by EI-MS showed 72 % incorporation of the 18O label into the 
substrate (Figure 3.27, Table 3.4), leading to the proposed intermediate shown in Figure 3.28. 
Alternatively, an 18O isotopologue of 5-Fe was synthesized from H218O (Figure 3.29, Table 3.5), 



























16O Complex 4 































Figure 3.26 Wash-in of the 18O label from complex 4-Fe to triphenylmethyl radical as 
surveyed by EI-MS. The black values represent the relative values of unenriched Ph3COH. 
The red values represent the isotopically enriched Ph3COH.  
Table 3.3 ESI-MS data and calculation of 18O label incorporation for 4-Fe from wash-in by 
stirring 4-Fe in H218O. Averaging of the absolute value percentage incorporation (Row D, 
bold values used in calculation) showed 51% 18O incorporation. 
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to determine the amount of 18O isotope label that was incorporated, showing the need for 




m/z 259.1 260.1 261.1 262.1 263.1 264.1 
 
M -1 M M+1 M+2 M+3 M+4 
A 5.6 64.1 19.9 100 24.1 1.5 
B 9.5 100 22.4 3.2 0 0 
C -3.9 -35.9 -2.5 96.8 24.1 1.5 






























































Figure 3.27 Reaction of 5-Fe with triphenylmethyl radical (Gomberg’s dimer) in solvent 
spiked with H218O to produce Ph3COH, as surveyed by EI-MS. The black values represent 
the relative values of unenriched Ph3COH. The red values represent the isotopically 
enriched Ph3COH.  
Table 3.4 EI-MS data and calculation of 18O label incorporation to Ph3COH from complex 
5-Fe and triphenylmethyl radical reacting in acetonitrile spiked with H218O. Averaging of 
the absolute value percentage incorporation (Row D, bold values used in calculation) 





















































































16O Complex 5 










Figure 3.29 Installation of an 18O label into complex 5-Fe as surveyed by ESI-MS. The 
black values represent the relative values of unenriched 5-Fe. The red values represent the 
isotopically enriched 5-Fe.  
Figure 3.28 Proposed mechanism for the hydroxylation of triphenylmethyl radical with 
adventitious water and 5-Fe. 
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m/z 707 708 709 710 711 712 713 714 
 
M-2 M-1 M M+1 M+2 M+3 M+4 M+5 
A 1.52E+05 7.67E+04 3.46E+06 1.90E+06 2.58E+06 1.50E+06 4.68E+05 7.58E+04 
B 276000 133000 4520000 2430000 602000 327000 118000 0 
C -1.24E+05 -5.63E+04 -1.06E+06 -5.30E+05 1.98E+06 1.17E+06 3.50E+05 7.58E+04 
D -81.6 -73.4 -30.6 -27.9 76.7 78.2 74.8 100.0 
 
3.6 Conclusions 
The synthesis and characterization of five iron complexes, including two differentiated ferric 
hydroxo complexes, was accomplished. Interestingly, both iron(III)-hydroxo complexes 
exhibited BDFEs incapable of abstracting an H-atom from even weak C–H bonds. These data 
support recent observations in iron-2OG desaturase enzymes that go through a polar-cleavage 
mechanism instead of a second HAA to desaturate substrates. The two ferric-hydroxo complexes 
showed differing reactivity towards the hydroxylation of radical substrate, with 5-Fe not 
performing hydroxylation without the presence of water. We attribute the differences in 
reactivity to the presence of an H-bond acceptor interacting with the hydroxo ligand, and the 
lesser oxidizing reduction potential of 5-Fe. It is plausible that iron-2OG desaturase enzymes are 
also able to tune the metal reduction potential or employ H-bond acceptors proximal to the metal 
active site to help bias the enzyme towards substrate desaturation and away from hydroxylation.  
3.7 Experimental Section 
General Considerations. All manipulations of air- and moisture-sensitive metal compounds 
were carried out in the absence of water and dioxygen using a MBraun inert atmosphere drybox 
under a dinitrogen atmosphere. All glassware was oven-dried for a minimum of 8 h and cooled 
in an evacuated antechamber prior to use in the drybox. Solvents were dried and deoxygenated 
on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves 
(3 Å in the case of acetonitrile) purchased from Strem prior to use. Dichloromethane-d2, and 
acetonitrile-d3 were purchased from Cambridge Isotope Laboratories and stored over 4 Å 
molecular sieves prior to use. Lithium oxide (Sigma-Aldrich), silver triflate (Strem), potassium 
hydride (Sigma-Aldrich), triflic acid (Sigma-Aldrich), potassium hydroxide (Fischer Scientific), 
2,6-lutidine (Sigma-Aldrich), triethylamine (Sigma-Aldrich), 2-aminobenzimidazole (Sigma-
Table 3.5 ESI-MS data and calculation of 18O label incorporation for 5-Fe. Averaging of the 
absolute value percentage incorporation (Row D, bold values used in calculation) showed 
78% 18O incorporation. 
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Aldrich), pyrrolidine (Sigma-Aldrich), benzylamine (Sigma-Aldrich), 1,8-
Diazabicyclo[5.4.0]undec-7-ene (Sigma-Aldrich), and H218O (97% enrichment, Sigma-Aldrich) 
were purchased from the vendor listed and used as received. Diphenylhydrazine (Sigma-Aldrich) 
was recrystallized from a mixture of diethylether and hexanes at -35 oC. Fe(OTf)2(MeCN)2,58 
LuHOTf,59 and Gomberg’s37 dimer were prepared according to modified literature procedures. 
Ligand precursors 6-bromo-2-acetylpyridine60 and 2-bromo-6-(1,3-dioxylane)pyridine60 were 
synthesized according to literature procedures and identified by their 1H NMR spectra. CeliteTM 
545 (J.T. Baker) and tetrabutylammonium hexafluorophosphate ([nBu4N][PF6]) (Sigma- Aldrich) 
were dried in Schlenk flasks for 24 h under a dynamic vacuum while heating to at least 150 °C 
prior to use in a drybox. 
Physical Methods. NMR spectra were recorded on a Varian spectrometer at 500 MHz (1H 
NMR) or 377 MHz (19F NMR). All 1H chemical shifts (ppm) are reported relative to the 
resonance of the residual solvent; 19F chemical shifts are reported relative to an external standard 
(1% CFCl3 in CDCl3). Solid-state infrared spectra were recorded using a PerkinElmer Frontier 
FT-IR spectrophotometer equipped with a KRS5 thallium bromide/iodide universal attenuated 
total reflectance accessory. UV-visible spectra were recorded on an Agilent 8453 
Spectrophotometer with accompanying software. All samples were prepared in a drybox 
containing a dinitrogen atmosphere in quartz cuvettes with a 1 cm pathlength and capped with a 
rubber septum. Elemental analyses were performed by the University of Illinois at 
Urbana−Champaign School of Chemical Sciences Microanalysis Laboratory in Urbana, IL. 
Samples submitted for elemental analyses were dried under vacuum for a minimum of 12 h; 
solvates were confirmed by 1H NMR spectroscopy. Mass spectra were recorded by the 
University of Illinois mass spectroscopy laboratory.  
Electrochemical experiments were carried out using a CH Instruments CHI410C Electrochemical 
Workstation. The supporting electrolyte was 0.1 M [nBu4N][PF6] in acetonitrile. A glassy carbon 
working electrode, a platinum wire counter electrode, and a silver wire pseudo-reference 
electrode were used. The concentration of each analyte was 1 mM. Experiments were performed 
at a scan rate of 100 mV/s. Each scan was referenced to internal Fc0/+.  EPR samples were 
prepared in an MBraun glovebox under a dinitrogen atmosphere. The sample concentration was 
5 mM in 1:1 acetonitrile-dichloromethane. EPR spectra were recorded on a Varian E-line 12” 
Century series X-band CW spectrometer and the spectra were simulated using the program 
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SIMPOW6.3. Analysis by Gas Chromatography Mass Spectrometry (GC-MS) was performed 
using a Shimadzu GC-2010 Plus Gas Chromatograph equipped with a Shimadzu GCMS-QP2010 
SE mass spectrometer using electron impact ionization (EI) after traveling through a SH-RxiTM-
5ms 30 m x 0.32 mm x 0.25 µm column with helium carrier gas.  Zero and low-field (0.07 T), 
variable-temperature (5−200 K) Mössbauer spectra were recorded on a closed-cycle refrigerator 
spectrometer, model CCR4K (SeeCo, Edina, MN) equipped with a 0.07 T permanent magnet, 
maintaining temperatures between 5 and 300 K. The samples consisted of solid powders (or 
crystalline material) suspended in Icosane placed in Delrin 1.00 mL cups, and frozen in liquid 
nitrogen. The isomer shifts are quoted at 5 K with respect to iron metal standard at 298 K. 
Mössbauer spectra were analyzed using the software WMOSS4 (Ion Prisecaru, 
www.wmoss.org). 
Synthesis of 1-Fe. To a 20 mL scintillation vial was added Py2Py(piCy)2 (0.032 g, 0.050 mmol), 
a stir bar, and 4 mL of tetrahydrofuran. After dissolution, Fe(OTf)2(MeCN)2 (21.8 mg, 0.050 
mmol) was added to the solution. An immediate color change to red was observed, followed by 
the formation of a yellow precipitate over the course of 1 h. The reaction was filtered over 
CeliteTM and the filtrate was discarded. The yellow solid collected by filtration was eluted with 
five, 1 mL portions of acetonitrile (or until no visible yellow solid remained on filter). Volatiles 
were removed under reduced pressure to give a yellow powder (0.040 g, 0.40 mmol, 81%).  
Crystals suitable for X-ray analysis were grown from the vapor diffusion of diethyl ether into a 
concentrated solution of the target molecule in acetonitrile at room temperature. Analysis for 
C43H47F6FeN7O6S2MeCN (calc., found:): C (52.33, 52.10), H (4.88, 4.68), N (10.85, 10.40). 
The poor solubility of the complex precluded its characterization by 1H NMR spectroscopy and 
the determination of its solution magnetic moment by the Evans’ Method. IR νmax: 1635 cm-1  
(C=N), 3215, 3283 cm-1 (N-H). 
Synthesis of 2-Fe. To a 20 mL scintillation vial was added 1-Fe (0.032 g, 0.32 mmol), a stir bar, 
and 4 mL of acetonitrile. KOH (0.0030 g, 0.54 mmol) was added to the yellow suspension and a 
red solution formed over 1 h. After the removal of volatiles under reduced pressure, the red 
residue was dissolved in dichloromethane and filtered over a pad of CeliteTM.  The volatiles were 
again removed under reduced pressure, yielding a red powder (0.0265 g, 0.031 mmol, 95%).  
Crystals suitable for X-ray analysis were grown from vapor diffusion of diethyl ether into a 
concentrated solution of the target molecule in acetonitrile at room temperature. (0.0225 g, 0.026 
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mmol, 81%). 1H NMR (d3-CD3CN, 21 oC): -5.7, -4.9, -3.8, -0.6, 0.2, 0..4, 0.7, 1.1, 1.9, 2.7, 2.9, 
6.6, 24.0, 24.8, 34.3 (d), 51.2, 61.0, 65,0, 82.1 Analysis for C42H48F3FeN7O4S:  (calc., found) C 
(58.67, 58.33), H (5.63, 5.73), N (11.40, 11.34). IR νmax: 1656 cm-1 (C=N), 3637 cm-1 (O-H). µeff 
= 5.21(9) µB. 
 
Synthesis of 3-Fe. To a 20 mL scintillation vial was added 1-Fe (0.041 g, 0.041 mmol), a stir 
bar, and 4 mL of acetonitrile. Li2O (0.005 mg, 0.16 mmol) was added to the solution. The 
solution changed from yellow to red over the course of 1 h, followed by the precipitation of a 
bright pink solid over the course of 18 h. The suspension was filtered and the precipitate was 
washed with 1 mL of acetonitrile. The solid was eluted with dimethylacetamide (DMA). Crystals 
suitable for X-ray analysis were grown from the vapor diffusion of diethyl ether into a 
concentrated solution of the target complex in dimethylacetamide and dichloromethane at room 
temperature (0.0275 g, 92%). Analysis for C41H47FeN7O1DMA0.5CH2Cl2 (calc., found): C 
(65.11, 65.28), H (6.85, 6.49), N (13.35, 12.93). The poor solubility of the complex precluded its 











Figure 3.30 1H NMR of complex 2-Fe in d3-acetonitrile. 
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characterization by 1H NMR spectroscopy and the determination of its solution magnetic 
moment by the Evans’ Method. IR νmax: 1615 cm-1 (C=N). 
Alternative synthesis of 3-Fe from 2-Fe. To a 20 mL scintillation vial was added 2-Fe (0.0245 
g, 0.30 mmmol), a stir bar, 4 mL of acetonitrile, and KH (0.0014 g, 0.035 mmol). The solution 
was stirred for 18 h, and formation of a pink precipitate was observed. Upon filtration, 3-Fe was 
isolated (0.0151 g, 0.021 mmol, 76%). 
Alternative synthesis of 2-Fe from 3-Fe. To a 20 mL scintillation vial was added 3-Fe (0.0104 
g, 0.015 mmol), a stir bar, 4 mL of tetrahydrofuran, and 2,6-lutidinium triflate (LuHOTf, 0.0038 
g, 0.015 mmol). The solution was stirred for 1 h, changing from a pink solution to a bright red 
suspension. The solution was filtered and the red solid was eluted with acetonitrile. Subsequent 
removal of volatiles under reduced pressure yielded a red powder, 2 (0.0069g, 0.008 mmol, 
55%). 
Synthesis of 4-Fe. To a 20 mL scintillation vial wrapped in black electrical tape was added 2-Fe 
(0.0190 g, 0.022 mmol), 4 mL of dichloromethane, and a stir bar. AgOTf (0.0057 g, 0.022 
mmol) was added to the solution and stirring was continued for 1 h. The mixture was filtered 
over CeliteTM and the filtrate was dried under reduced pressure, producing a red-brown powder 
(0.0209 g, 0.021 mmol, 93%). Crystals suitable for X-ray analysis were grown from vapor 
diffusion of diethyl ether into a concentrated solution of dichloromethane and acetonitrile (1:1) at 
room temperature. Bulk purification was achieved by vapor diffusion of diethyl ether into a 
concentrated solution of dichloromethane (0.019 g, 0.019 mmol, 87%). Analysis for 
C43H48F6FeN7O7S2 (calc., found): C (49.03, 49.27), H (4.68, 4.66), N (9.10, 9.08). 1H NMR (d3-
CD3CN, 500 MHz, 21 0C): 2.6, 8.2, 13.9, 19.0, 64.1, 72.6, 88.8, 109.0. IR νmax: 1660 cm-1 (C=N), 
3585 cm-1 (O-H), µeff = 6.11(26) µB. 
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Synthesis of 5-Fe. To a 20 mL scintillation vial wrapped in black electrical tape was added 3-Fe 
(0.0270 g, 0.031 mmol, 0.038 mmol), 4 mL of dichloromethane, and a stir bar. AgOTf (0.0098 g, 
0.038 mmol) was added to the solution, which was stirred for 1 h. The mixture was filtered over 
CeliteTM and the filtrate was dried under reduced pressure, producing a red-brown powder 
(0.0320 g, 0.037 mmol,  94%). Crystals suitable for X-ray analysis and bulk purification were 
grown from vapor diffusion of diethyl ether into a concentrated solution of dichloromethane and 
acetonitrile (1:1) at room temperature (0.0237 g, 0.028 mmol, 70%). Analysis for 
C42H47F3FeN7O4SCH2Cl2 (calc., found): C (54.73, 54.82) H (5.23, 5.23) N (10.39, 9.90).  1H 
NMR (d2-CD2Cl2, 500 MHz, 21 0C): 13.4, 20.0, 31.5, 65.6, 75.0, 82.2, 90.6. IRνmax: 1616, 1658 
cm-1 (C=N), µeff = 5.97(14) µB. 











Figure 3.31 1H NMR of complex 4-Fe in d3-acetonitrile.  
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Alternative synthesis of 5-Fe from 4-Fe. To a 20 mL scintillation vial was added 4-Fe (0.0255 
g, 0.026 mmol), a stir bar, 2 mL of acetonitrile, and potassium hydride (0.0011 g, 0.028 mmol). 
The solution was stirred for 1 h, with the color remaining dark red-brown. Volatiles were 
removed under reduced pressure and the product, 5-Fe, was recrystallized from dichloromethane 
with slow diffusion of diethyl ether (0.0173 g, 0.020 mmol, 77%).    
Alternative synthesis of 4-Fe from 5-Fe. To a 20 mL scintillation vial was added 5-Fe (0.0118 
g, 0.014 mmol) of 5-Fe, a stir bar, 4 mL of dichloromethane, and 2,6-lutidinium triflate 
(LuHOTf, 0.0036 g, 0.014 mmol). The solution was stirred for 1 h, remaining dark red-brown in 
color. Volatiles were removed under reduced pressure and the product was recrystallized from 
acetonitrile with slow diffusion of diethyl ether (0.0102 g, 0.010 mmol, 73%). 
Alternative synthesis of 2-Fe from 4-Fe. To a 20 mL scintillation vial was added 4-Fe (0.0123 
g, 0.012 mmol), a stir bar, and 4 mL of acetonitrile. Cobaltocene (0.0024 g, 0.012 mmol) was 
added to the stirred solution and an immediate color change was noted from dark red-brown to 











Figure 3.32 1H NMR of complex 5-Fe in d3-acetonitrile. 
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bright red. Volatiles were removed under reduced pressure and the product was recrystallized 
from acetonitrile with slow diffusion of diethyl ether (0.0105 g, 0.012 mmol, >99%). 
Alternative synthesis of 3-Fe from 5-Fe. To a 20 mL scintillation vial was added 5-Fe (0.0183 
g, 0.021 mmol), a stir bar, and 4 mL of acetonitrile. Cobaltocene (0.0041 g, 0.021 mmol) was 
added to the stirred solution and the appearance of a pink precipitate over the course of 1 h was 
noted. Filtration of the suspension yielded the product, 3-Fe (0.0117 g, 0.016 mmol, 78%). 
Synthesis of 18O isotopologue 4-Fe. Complex 1-Fe (40 mg, 0.04 mmol) was dissolved in 2 mL 
of acetonitrile spiked with H218O (~5 mg/mL) forming an orange solution. One drop of 
triethylamine (~10 mg, 0.1 mmol) was added to the solution turning it bright red immediately. 
The solution was left to stir for 1 h and then concentrated to ~1 mL volume and the 18O 
isotopologue of 2-Fe was recrystallized from vapor diffusion of diethyl ether into acetonitrile. 
The recrystallized product was then oxidized with a stoichiometric amount of AgOTf in 
acetonitrile spiked with H218O, followed by filtration and recrystallization from the acetonitrile 
solution by vapor diffusion of diethyl ether. 
Synthesis of 18O isotopologue 5-Fe. Complex 1-Fe (40 mg, 0.04 mmol) was dissolved in 2 mL 
of acetonitrile spiked with H218O (~5 mg/mL) forming an orange solution. One drop of 
triethylamine (~10 mg, 0.1 mmol) was added to the solution turning it bright red immediately. 
The solution was left to stir for 1 h and then concentrated to ~1 mL volume and the 18O 
isotopologue of 2-Fe was recrystallized from vapor diffusion of diethyl ether into acetonitrile. 
The recrystallized product was then reacted with 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) to 
form the 18O isotopologue of 3-Fe as a precipitate from acetonitrile. Filtration of the suspension 
over CeliteTM and addition of a stoichiometric amount of AgOTf to the filter pad, followed by 
addition of 1 mL of acetonitrile spiked with H218O to the filter formed a solution of the 18O 
isotopologue of 5-Fe which was recrystallized from the acetonitrile solution by vapor diffusion 
of diethyl ether. 
H-atom transfer to 4-Fe. To a 20 mL scintillation vial was added 0.0125 g (0.012 mmol) of 4-
Fe, 4 mL of acetonitrile, and 0.0023 mg (0.012 mmol) of 1,2-diphenylhydrazine. The solution 
was stirred for 1 h, producing a bright yellow solution. Volatiles were removed under reduced 
pressure, and the resulting powder was triturated with diethyl ether. The product, 1-Fe, was 
recrystallized from acetonitrile with vapor diffusion of diethyl ether (0.0102 g, 0.01 mmol, 83%). 
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H-atom transfer to 5-Fe. To a 20 mL scintillation vial was added 0.0129 g (0.015 mmol) of 5-
Fe, 4 mL of acetonitrile, and 0.0028 mg (0.015 mmol) of 1,2-diphenylhydrazine. The solution 
was stirred for 1 h, producing a bright red solution. Volatiles were removed under reduced 
pressure, and the resulting powder was triturated with diethyl ether. The product, 2-Fe, was 
recrystallized from acetonitrile with vapor diffusion of diethyl ether (0.0079 g, 0.009 mmol, 
61%). 
Hydroxylation of Gomberg’s dimer by 4-Fe. To a 20 mL scintillation vial was added 4-Fe 
(0.0202 g, 0.020 mmol), a stir bar, and 2 mL of acetonitrile. In a separate vial Gomberg’s dimer 
(0.0057 g, 0.010 mmol, 0.5 equivalent) was dissolved in 2 mL of tetrahydrofuran and added to 
the vial containing 4-Fe. The reaction quickly turned from a dark red-brown solution to a bright 
yellow solution. After 0.5 h of stirring, volatiles were removed under reduced pressure and a 
yellow powder was triturated with diethyl ether. The ether-soluble products were separated and 
dried. The resulting white powder was dissolved in 2 mL of tetrahydrofuran containing a known 
amount of mesitylene as an internal standard. The formation of triphenylmethanol was observed 
by GC-MS and 1H NMR analyses (Yield: 0.0052 g, 0.020 mmol, 99%). Quantification of 
triphenylmethanol by GC-MS was achieved through the use of a standard curve containing 

























Figure 3.33 GC-MS trace of the reaction products from 4-Fe and Gomberg’s dimer with an 
internal standard of mesitylene. The small amount to triphenylmethane present appeared in 
all GC-MS chromatograms and is attributed to an impurity in Gomberg’s dimer.   
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Hydroxylation of Gomberg’s dimer by 5-Fe. To a 20 mL scintillation vial was added 5-Fe 
(0.0172 g, 0.020 mmol), a stir bar, and 2 mL of acetonitrile. In a separate vial Gomberg’s dimer 
(0.0057 g, 0.010 mmol, 0.5 equivalent) was dissolved in 2 mL of tetrahydrofuran and added to 
the vial containing 5-Fe. The reaction remained dark brown but turned bright red over the course 
of 18 h. Afterwards, volatiles were removed under reduced pressure and a red powder that was 
triturated with diethyl ether. The ether-soluble products were separated and dried. The resulting 
white-yellow powder was dissolved in 2 mL of tetrahydrofuran containing a known amount of 
mesitylene as an internal standard. The formation of triphenylmethanol and unreacted 
Gomberg’s dimer was observed by GC-MS and 1H NMR analyses. Additionally the metal 
product observed by 1H NMR spectroscopy was 2-Fe.  
Table 3.6. Crystallographic parameters for complexes 1-Fe—5-Fe. 
 













[Py2Py(afaCy)2FeIIOTf]OTf (1-Fe) 1.15 2.02 0.38/ 0.7 
[Py2Py(afaCy)2FeIIOH]OTf (2-Fe) 1.10(5) 3.05 0.28/ 0.32 
Py2Py(piCy)2FeIIOH2 (3-Fe) 1.13 1.92 0.33/0.33 
[Py2Py(afaCy)2FeIIIOH]OTf2 (4-Fe) 0.4(1) 0.3(1) 0.35 





Bong Length (Å) 1-Fe 2-Fe 3-Fe 4-Fe 5-Fe 
Fe-O1 2.2035(18) 2.0020(12) 2.0954(17) 1.861(8) 1.8755(18) 
Fe-N1 2.2078(19) 2.2531(14) 2.218(2) 2.211(10) 2.245(2) 
Fe-Nafa 2.1313(19) 2.1498(15) - 2.074(7) 2.106(2) 
Fe-Nafa 2.1313(19) 2.1639(14) - - - 
Fe-Npi - - 2.1394(14) - 2.066(2) 
Fe-py(4/5) (avg) 2.186(2) 2.2238(14) 2.2095(14) 2.183(7) 2.201(2) 
Nafa(H)-O (avg) - 2.6853 - 2.769 2.670(3) 
Npi-(H)O (avg) - - 2.7490(16) - 2.747(3) 
Fe-O-N6/7 (avg) - 102.72 99.77 104.72 103.66 
 61 
3.8 References 
(1)  Rohde, J.-U.; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.; Stubna, A.; 
Munck, E.; Nam, W.; Que, L. Crystallographic and Spectroscopic Characterization of a 
Nonheme Fe(IV)=O Complex. Science. 2003, 299, 1037–1039. 
(2)  Nam, W. Synthetic Mononuclear Nonheme Iron-Oxygen Intermediates. Acc. Chem. Res. 
2015, 48, 2415–2423. 
(3)  Puri, M.; Que, L. Toward the Synthesis of More Reactive S = 2 Non-Heme Oxoiron(IV) 
Complexes. Acc. Chem. Res. 2015, 48, 2443–2452. 
(4)  Nam, W.; Lee, Y. M.; Fukuzumi, S. Tuning Reactivity and Mechanism in Oxidation 
Reactions by Mononuclear Nonheme Iron(IV)-Oxo Complexes. Acc. Chem. Res. 2014, 
47, 1146–1154. 
(5)  Sahu, S.; Goldberg, D. P. Activation of Dioxygen by Iron and Manganese Complexes: A 
Heme and Nonheme Perspective. J. Am. Chem. Soc. 2016, 138, 11410–11428. 
(6)  Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M.; Krebs, C. The First Direct 
Characterization of a High-Valent Iron Intermediate in the Reaction of an α-Ketoglutarate-
Dependent Dioxygenase: A High-Spin Fe(IV) Complex in Taurine/α-Ketoglutarate 
Dioxygenase (TauD) from Escherichia Coli. Biochemistry 2003, 42, 7497–7508. 
(7)  Krebs, C.; Fujimori, D. G.; Walsh, C. T.; Bollinger, J. M. Non-Heme Fe (IV)– Oxo 
Intermediates. Acc. Chem. Res. 2007, 40, 484–492. 
(8)  Meunier, B.; de Visser, S. P.; Shaik, S. Mechanism of Oxidation Reactions Catalyzed by 
Cytochrome P450 Enzymes. Chem. Rev. 2004, 104, 3947–3980. 
(9)  Bollinger, J. M.; Price, J. C.; Hoffart, L. M.; Barr, E. W.; Krebs, C. Mechanism of 
Taurine: α-Ketoglutarate Dioxygenase (TauD) from Escherichia Coli. Eur. J. Inorg. 
Chem. 2005, 21, 4245–4254. 
(10)  Martinez, S. Catalytic Mechanisms of Fe (II) and 2-Oxoglutarate-Dependent Oxygenases. 
2015, 290, 20702–20711. 
(11)  Price, J. C.; Barr, E. W.; Glass, T. E.; Krebs, C.; Bollinger, J. M. Evidence for Hydrogen 
Abstraction from C1 of Taurine by the High-Spin Fe (IV) Intermediate Detected during 
Oxygen Activation by Taurine : α-Ketoglutarate Dioxygenase (TauD). J. Am. Chem. Soc. 
2003, 125, 13008–13009. 
(12)  Proshlyakov, D. A.; Mccracken, J.; Hausinger, R. P. Spectroscopic Analyses of 
2‑oxoglutarate‑ Dependent Oxygenases : TauD as a Case Study. 2017, 22, 367–379. 
(13)  Visser, S. P. De. Differences in and Comparison of the Catalytic Properties of Heme and 
Non-Heme Enzymes with a Central Oxo–Iron Group. Angew. Chemie - Int. Ed. 2006, 45, 
1790–1793. 
(14)  Visser, S. P. De. Propene Activation by the Oxo-Iron Active Species of Taurine / α-
Ketoglutarate Dioxygenase (TauD) Enzyme . How Does the Catalysis Compare to Heme-
Enzymes ? J. Am. Chem. Soc. 2006, 128, 9813–9824. 
(15)  Latifi, R.; Bagherzadeh, M.; Visser, S. P. De. Origin of the Correlation of the Rate 
Constant of Substrate Hydroxylation by Nonheme Iron (IV)– Oxo Complexes with the 
Bond-Dissociation Energy of the C-H Bond of the Substrate. Chem. - A Eur. J. 2009, 15, 
6651–6662. 
(16)  Ye, S.; Neese, F. Nonheme Oxo-Iron (IV) Intermediates Form an Oxyl Radical upon 
Approaching the C–H Bond Activation Transition State. 2010, 108, 1228–1233. 
(17)  Mai, B. K.; Kim, Y. Is It Fe (III)-Oxyl Radical That Abstracts Hydrogen in the C−H 
Activation of TauD ? A Theoretical Study Based on the DFT Potential Energy Surfaces. 
 62 
Inorg. Chem. 2016, 55, 3844–3852. 
(18)  Mitchell, A. J.; Dunham, N. P.; Martinie, R. J.; Bergman, J. A.; Pollock, C. J.; Hu, K.; 
Allen, B. D.; Chang, W.; Silakov, A.; Bollinger, J. M.; et al. Visualizing the Reaction 
Cycle in an Iron(II) and 2‑(Oxo)-Glutarate- Dependent Hydroxylase. 2017, 139, 13830–
13836. 
(19)  Topf, M.; Sandala, G. M.; Smith, D. M.; Schofield, C. J.; Easton, C. J.; Radom, L. The 
Unusual Bifunctional Catalysis of Epimerization and Desaturation by Carbapenem 
Synthase. J. Am. Chem. Soc. 2006, 128, 9932–9933. 
(20)  Dunham, N. P.; Chang, W.; Mitchell, A. J.; Martinie, R. J.; Zhang, B.; Bergman, J. A.; 
Rajakovich, L. J.; Wang, B.; Silakov, A.; Krebs, C.; et al. Two Distinct Mechanisms for 
C–C Desaturation by Iron(II)- and 2-(Oxo)Glutarate-Dependent Oxygenases: Importance 
of α-Heteroatom Assistance. J. Am. Chem. Soc. 2018, 140, 7116–7126. 
(21)  Dunham, N. P.; Mitchell, A. J.; Del, J. M.; Krebs, C.; Bollinger, J. M.; Boal, A. K. α ‑ 
Amine Desaturation of D-Arginine by the Iron(II)- and 2-(Oxo)Gluterate-Dependent L-
Arginine 3-Hydroxylase, VioC. Biochemistry 2018, 57, 6479–6488. 
(22)  Zhou, J.; Kelly, W. L.; Bachmann, B. O.; Gunsior, M.; Townsend, C. A.; Solomon, E. I.; 
V, S. U.; Recei, V.; No, V.; Re, V.; et al. Spectroscopic Studies of Substrate Interactions 
with Clavaminate Synthase 2 , a Multifunctional α-KG-Dependent Non-Heme Iron 
Enzyme : Correlation with Mechanisms and Reactivities. 2001, No. 15, 7388–7398. 
(23)  Huang, J.; Tang, Y.; Yu, C.; Sanyal, D.; Jia, X.; Liu, X.; Guo, Y.; Chang, W. Mechanistic 
Investigation of Oxidative Decarboxylation Catalyzed by Two Iron(II)- and 
2‑Oxoglutarate-Dependent Enzymes. 2018, 57, 1838–1841. 
(24)  Blasiak, L. C.; Drennan, C. L. Structural Perspective on Enzymatic Halogenation. Acc. 
Chem. Res. 2009, 42, 147–155. 
(25)  Ogo, S.; Wada, S.; Watanabe, Y.; Iwase, M.; Wada, A.; Harata, M.; Jitsukawa, K.; 
Masuda, H.; Einaga, H. Synthesis, Structure, and Spectroscopic Properties of 
[Fe(III)(Tnpa)(OH)(PhCOO)ClO4: A Model Complex for an Active Form of Soybean 
Lipoxygenase-1. Angew. Chemie - Int. Ed. 1998, 37, 2102–2104. 
(26)  MacBeth, C. E.; Golombek, A. P.; Young, V. G.; Yang, C.; Kuczera, K.; Hendrich, M. P.; 
Borovik, A. S. O-2 Activation by Nonheme Iron Complexes: A Monomeric Fe(III)- Oxo 
Complex Derived from O-2. Science. 2000, 289, 938–941. 
(27)  Soo, H. Sen; Komor, A. C.; Lavarone, A. T.; Chang, C. J. A Hydrogen-Bond Facilitated 
Cycle for Oxygen Reduction by an Acid- and Base-Compatible Iron Platform. Inorg. 
Chem. 2009, 48, 10024–10035. 
(28)  Cook, S. A.; Ziller, J. W.; Borovik, A. S. Iron(II) Complexes Supported by Sulfonamido 
Tripodal Ligands: Endogenous versus Exogenous Substrate Oxidation. Inorg. Chem. 
2014, 53, 11029–11035. 
(29)  Yeh, C. Y.; Chang, C. J.; Nocera, D. G. “Hangman” Porphyrins for the Assembly of a 
Model Heme Water Channel. J. Am. Chem. Soc. 2001, 123, 1513–1514. 
(30)  MacBeth, C. E.; Hammes, B. S.; Young, V. G.; Borovik, A. S. Hydrogen-Bonding 
Cavities about Metal Ions: Synthesis, Structure, and Physical Properties for a Series of 
Monomeric M-OH Complexes Derived from Water. Inorg. Chem. 2001, 40, 4733–4741. 
(31)  Ogo, S.; Yamahara, R.; Roach, M.; Suenobu, T.; Aki, M.; Ogura, T.; Kitagawa, T.; 
Masuda, H.; Fukuzumi, S.; Watanabe, Y. Structural and Spectroscopic Features of a Cis 
(Hydroxo)-FeIII-(Carboxylato) Configuration as an Active Site Model for Lipoxygenases. 
Inorg. Chem. 2002, 41, 5513–5520. 
 63 
(32)  MacBeth, C. E.; Gupta, R.; Mitchell-Koch, K. R.; Young, V. G.; Lushington, G. H.; 
Thompson, W. H.; Hendrich, M. P.; Borovik, A. S. Utilization of Hydrogen Bonds to 
Stabilize M-O(H) Units: Synthesis and Properties of Monomeric Iron and Manganese 
Complexes with Terminal Oxo and Hydroxo Ligands. J. Am. Chem. Soc. 2004, 126, 
2556–2567. 
(33)  Harman, W. H.; Chang, C. J. N2O Activation and Oxidation Reactivity from a Non-Heme 
Iron Pyrrole Platform. J. Am. Chem. Soc. 2007, 129, 15128–15129. 
(34)  Çelenligil-Çetin, R.; Paraskevopoulou, P.; Dinda, R.; Staples, R. J.; Sinn, E.; Rath, N. P.; 
Stavropoulos, P. Synthesis, Characterization, and Reactivity of Iron Trisamidoamine 
Complexes That Undergo Both Metal- and Ligand-Centered Oxidative Transformations. 
Inorg. Chem. 2008, 47, 1165–1172. 
(35)  Mukherjee, J.; Lucas, R. L.; Zart, M. K.; Powell, D. R.; Day, V. W.; Borovik, A. S. 
Synthesis, Structure, and Physical Properties for a Series of Monomeric Iron(III) Hydroxo 
Complexes with Varying Hydrogen-Bond Networks. Inorg. Chem. 2008, 47, 5780–5786. 
(36)  Zaragoza, J. P. T.; Yosca, T. H.; Siegler, M. A.; Moe, P.; Green, M. T.; Goldberg, D. P. 
Direct Observation of Oxygen Rebound with an Iron-Hydroxide Complex. J. Am. Chem. 
Soc. 2017, 139, 13640–13643. 
(37)  Pangia, T. M.; Davies, C. G.; Prendergast, J. R.; Gordon, J. B.; Siegler, M. A.; Jameson, 
G. N. L.; Goldberg, D. P. Observation of Radical Rebound in a Mononuclear Nonheme 
Iron Model Complex. J. Am. Chem. Soc. 2018, 140, 4191–4194. 
(38)  Sahu, S.; Widger, L. R.; Quesne, M. G.; De Visser, S. P.; Matsumura, H.; Moënne-
Loccoz, P.; Siegler, M. A.; Goldberg, D. P. Secondary Coordination Sphere Influence on 
the Reactivity of Nonheme Iron(II) Complexes: An Experimental and DFT Approach. J. 
Am. Chem. Soc. 2013, 135, 10590–10593. 
(39)  Widger, L. R.; Davies, C. G.; Yang, T.; Siegler, M. A.; Troeppner, O.; Jameson, G. N. L.; 
Ivanović-Burmazović, I.; Goldberg, D. P. Dramatically Accelerated Selective Oxygen-
Atom Transfer by a Nonheme Iron(IV)-Oxo Complex: Tuning of the First and Second 
Coordination Spheres. J. Am. Chem. Soc. 2014, 136, 2699–2702. 
(40)  Widger, L. R.; Jiang, Y.; McQuilken, A. C.; Yang, T.; Siegler, M. A.; Matsumura, H.; 
Moënne-Loccoz, P.; Kumar, D.; de Visser, S. P.; Goldberg, D. P. Thioether-Ligated 
Iron(II) and Iron(III)-Hydroperoxo/Alkylperoxo Complexes with an H-Bond Donor in the 
Second Coordination Sphere. Dalt. Trans. 2014, 43, 7522. 
(41)  Matson, E. M.; Bertke, J. A.; Fout, A. R. Isolation of Iron(II) Aqua and Hydroxyl 
Complexes Featuring a Tripodal H-Bond Donor and Acceptor Ligand. Inorg. Chem. 2014, 
53, 4450–4458. 
(42)  Hikichi, S.; Ogihara, T.; Fujisawa, K.; Kitajima, N.; Akita, M.; Moro-oka, Y. Synthesis 
and Characterization of the Benzoylformato Ferrous Complexes with the Hindered 
Tris(Pyrazolyl)Borate Ligand as a Structural Model for Mononuclear Non-Heme Iron 
Enzymes. Inorg. Chem. 1997, 36, 4539–4547. 
(43)  Bénisvy, L.; Halut, S.; Donnadieu, B.; Tuchagues, J. P.; Chottard, J. C.; Li, Y. Monomeric 
Iron(II) Hydroxo and Iron(III) Dihydroxo Complexes Stabilized by Intermolecular 
Hydrogen Bonding. Inorg. Chem. 2006, 45, 2403–2405. 
(44)  Kendall, A. J.; Zakharov, L. N.; Gilbertson, J. D. Synthesis and Stabilization of a 
Monomeric Iron(II) Hydroxo Complex via Intra Molecular Hydrogen Bonding in the 
Secondary Coordination Sphere. Inorg. Chem. 2010, 49, 8656–8658. 
(45)  Gordon, Z.; Drummond, M. J.; Matson, E. M.; Bogart, J. A.; Schelter, E. J.; Lord, R. L.; 
 64 
Fout, A. R. Tuning the Fe(II/III) Redox Potential in Nonheme Fe(II)-Hydroxo Complexes 
through Primary and Secondary Coordination Sphere Modifications. Inorg. Chem. 2017, 
56, 4852–4863. 
(46)  Kaljurand, I.; Ku, A.; Soova, L. Extension of the Self-Consistent Spectrophotometric 
Basicity Scale in Acetonitrile to a Full Span of 28 p K a Units : Unification of Different 
Basicity Scales. J. Org. Chem. 2005, 70, 1019–1028. 
(47)  Gupta, R.; Borovik, A. S. Monomeric MnIII/II and FeIII/II Complexes with Terminal 
Hydroxo and Oxo Ligands : Probing Reactivity via O-H Bond Dissociation Energies. J. 
Am. Chem. Soc. 2003, 123, 13234–13242. 
(48)  Matson, E. M.; Park, Y. J.; Fout, A. R. Facile Nitrite Reduction in a Non-Heme Iron 
System: Formation of an Iron(III)-Oxo. J. Am. Chem. Soc. 2014, 136, 17398–17401. 
(49)  Gütlich, P.; Bill, E.; Trautwein, A. X. Mössbauer Spectroscopy and Transition Metal 
Chemistry Fundamentals and Application; Springer-Verlag Berlin Heidelberg, 2011. 
(50)  Warren, J. J.; Tronic, T. A.; Mayer, J. M.; Bond, S. V. G. Thermochemistry of Proton-
Coupled Electron Transfer Reagents and Its Implications. Chem. Rev. 2010, 110, 6961–
7001. 
(51)  Usharani, D.; Lacy, D. C.; Borovik, A. S.; Shaik, S. Dichotomous Hydrogen Atom 
Transfer vs Proton-Coupled Electron Transfer During Activation of X−H Bonds (X = C, 
N, O) by Nonheme Iron−Oxo Complexes of Variable Basicity. J. Am. Chem. Soc. 2013, 
135, 17090–17104. 
(52)  Guengerich, F. P. Mechanisms of Cytochrome P450-Catalyzed Oxidations. ACS Catal. 
2018, 8, 10964–10976. 
(53)  Zhou, J.; Kelly, W. L.; Bachmann, B. O.; Gunsior, M.; Townsend, C. A.; Solomon, E. I.; 
V, S. U.; Recei, V.; No, V.; Re, V.; et al. Spectroscopic Studies of Substrate Interactions 
with Clavaminate Synthase 2 , a Multifunctional α-KG-Dependent Non-Heme Iron 
Enzyme : Correlation with Mechanisms and Reactivities. J. Am. Chem. Soc. 2001, 123, 
7388–7398. 
(54)  Ishikawa, N.; Tanaka, H.; Koyama, F.; Noguchi, H.; Wang, C. C. C.; Hotta, K.; 
Watanabe, K. Non-Heme Dioxygenase Catalyzes Atypical Oxidations of 6,7-Bicyclic 
Systems To Form the 6 , 6-Quinolone Core of Viridicatin-Type Fungal Alkaloids. 2014, 
53, 12880–12884. 
(55)  Bräuer, A.; Beck, P.; Hintermann, L.; Groll, M. Structure of the Dioxygenase AsqJ : 
Mechanistic Insights into a One- Pot Multistep Quinolone Antibiotic Biosynthesis 
Angewandte. 2016, 211, 422–426. 
(56)  Nakashima, Y.; Mori, T.; Nakamura, H.; Awakawa, T.; Hoshino, S.; Senda, M.; Senda, 
T.; Abe, I. Structure Function and Engineering of Multifunctional Non-Heme Iron 
Dependent Oxygenases Oxygenases in Fungal Meroterpenoid Biosynthesis. Nat. 
Commun. 2018, 9, 1–10. 
(57)  Meng, S.; Han, W.; Zhao, J.; Jian, X.; Pan, H.; Tang, G. A Six-Oxidase Cascade for 
Tandem C-H Bond Activation Revealed by Reconstitution of Bicyclomycin Biosynthesis 
Communications Angewandte. Angew. Chemie - Int. Ed. 2018, 57, 719–723. 
(58)  Hagadorn, J. R.; Que, L.; Tolman, W. B. N-Donor Effects on Carboxylate Binding in 
Mononuclear Iron ( II ) Complexes of a Sterically Hindered Benzoate Ligand. Inorg. 
Chem. 2000, 39, 6086–6090. 
(59)  Ti, M. M.; Curley, J. J.; Bergman, G.; Tilley, T. D. Preparation and Physical Properties of 
Early-Late Heterobimetallic Compounds. Dalt. Trans. 2012, 41, 192–200. 
 65 
(60)  Zong, R.; Wang, D.; Hammitt, R.; Thummel, R. P. Synthetic Approaches to Polypyridyl 




CHAPTER 4: BIO-INSPIRED IRON CATALYSTS FOR THE REDUCTION OF 
PERCHLORATE TO CHLORIDE: IMPROVED TURNOVER NUMBERS, INITIAL 
RATES, AND MECHANISTIC INSIGHTS 
 
4.1 The perchlorate anion: reactivity, environmental impact, and physiological effects 
Perchlorate salts are pervasive water pollutants generated primarily from the manmade use 
of solid rocket fuels and explosives.1,2 The high solubility and mobility, as well as the low 
binding affinity of the perchlorate anion make it a difficult target of remediation and 
decomposition to more benign species such as chloride and water. The reduction of perchlorate 
is thermodynamically favorable (ClO4- + 2 H+ à ClO3- + H2O E0 = 1.23 V), but perchlorate 
remains kinetically inert under many conditions. 
In geographic areas that function as testing grounds for explosives and rocket fuels the 
perchlorate can leach ground water systems used for drinking water.3 The ingestion of the 
perchlorate anion can lead to thyroid related issues, as perchlorate is the approximate size and 
carries the same charge as iodide, which is essential for thyroid function.4  
4.2 Biological and chemical systems capable of reducing perchlorate to chloride 
Biological systems have overcome perchlorate’s inert nature through the use of 
metalloenzymes that utilize perchlorate as a terminal electron acceptor during anaerobic 
respiration.5 Reported perchlorate reductases are a part of the DMSO reductase superfamily of 
enzymes that contain a molybdenum cofactor.  The molybdenum is embedded in a protein 
scaffold and ligated by two molybdopterin cofactors and an aspartate oxygen (Figure 4.1, 
middle). Recent crystallographic and computation data suggests that upon binding of substrate, 
there is a hydrogen bond donation from an asparagine residue in the secondary coordination 
sphere (Figure 4.1, right).6,7 
Additionally, the recently reported crystal structure6 of the perchlorate reductase, PcrAB, 
showed that the enzyme contained a positively charged amino acid channel to help funnel the 
perchlorate to the molybdenum active site, as well as a series of iron-sulfur clusters to assist in 
the multi proton-electron reduction of perchlorate. Within the crystal structure is a molybdenum 
bound selenite (SeO32-) anion in the proposed binding site of perchlorate. The selenite is properly 
is oriented through hydrogen bonding interactions with an asparagine residue in the secondary 
coordination sphere (Figure 4.1, left). 
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Biomimetic models have often had trouble recreating hydrogen bonding motifs and 
positively charged residues that encourage the binding and activation of perchlorate. Despite the 
amount of recent work studying the reduction of similar oxyanions nitrite8–13 (NO2-) and 
nitrate14–16 (NO3-), there remains a dearth of homogeneous synthetic systems capable of reducing 
perchlorate to chloride. 
The first reports of a homogeneous catalyst capable of perchlorate reduction was a rhenium 
complex by Abu-Omar and co-workers.17,18 The study showed the formation of a rhenium(IV)-
oxo as perchlorate was reduced and utilized thioethers to accept an O-atom from the rhenium to 
return the complex to the active catalyst (Figure 4.2 A).  The Fout group has also reported an 
iron catalyst containing hydrogen bonding functionalities in the secondary coordination sphere, 
[N(afaCy)3Fe]2+ (1-Fe).14 The di-cationic complex is capable of the reduction perchlorate to 
chloride and water, with the formation of an intermediate iron(III)-hydroxide, 
[N(afaCy)3FeIIIOH]2+ (2-FeOH), and iron(II)-chloride complex, [N(afaCy)3FeIICl]+ (3-FeCl) under 
non-catalytic conditions (Figure 4.2 B). Under catalytic conditions, 3-FeCl was determined to be 
unreactive towards perchlorate, as well as being the only metal species isolated from the reaction 

























Figure 4.1 Crystal structure of the active site of PcrAB active site with bound selenite 
(reprinted with permission from reference 6; copyright 2016 American Society for 
Biochemistry and Molecular Biology). B. Active site structure of PcrAB without substrate 




4.3 Reactivity of [Py2Py(afaCy)2Fe]2+ (4-Fe) with perchlorate 
4.3.1 Stoichiometric reduction of perchlorate to chloride using [Py2Py(afaCy)2Fe]2+ (4-Fe) 
It has been reported that 1-Fe can reduce perchlorate to chloride under non-catalytic 
conditions with the concurrent formation of an iron(III)-hydroxo species, [N(afaCy)3FeIIIOH]2+ 
(2-FeOH) and 3-FeCl (Figure 4.2). Under the same conditions, a study of [Py2Py(afaCy)2Fe]2+ (4-
Fe) was performed to determine if it was capable of the stoichiometric reduction of perchlorate 
to chloride. Addition of 0.2 equivalents of tetrabutylammonium perchlorate ([nBu4][ClO4]) to 4-
Fe resulted in the formation of an iron(III)-hydroxo complex, [Py2Py(afaCy)2FeIIIOH]2+ (5-
FeOH), which has been previously synthesized.19 The formation of 5-FeOH represents that 
addition of O-atom and an H-atom (formally), and likely provides insights into the mechanism of 
perchlorate reduction, which will be discussed later. In addition to 5-FeOH an unknown species 
was identified by 1H NMR (Figure 4.3-4.4) as part of the reaction mixture. It	was	hypothesized	












































































Figure 4.2 Catalytic perchlorate reduction by a rhenium(IV)-oxo catalyst B. Catalytic 





4.3.2 Identification and characterization of [Py2Py(afaCy)2FeCl]+ 
It was found that 6-FeCl could be independently synthesized through the addition of sodium 
chloride to 4-Fe, producing an 1H NMR spectrum with resonances matching the unknown 
species from the stoichiometric reduction of perchlorate (Figure 4.4). The formation of 6-FeCl 
was confirmed through characterization by single crystal X-ray diffraction showing an 
































x = 4, 3, 2, 1
6-FeCl
4-Fe + [nBu][ClO4]à 5-FeOH + 6-FeCl
Figure 4.3 Reduction of perchlorate by 4-Fe to form 5-FeOH and 6-FeCl.  
  
Figure 4.4 Top (teal):  1H NMR of reaction mixture for 4-Fe + [nBu][ClO4]. Bottom (red): 
1H NMR spectrum of independently synthesized 6-FeCl. 
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arms were disordered to reveal that the ligand arms were hydrogen bonding with the chloride 
ligand in about a 1:1 ratio with being positioned away from the chloride ligand.  
 
4.3.3 Catalytic reduction of perchlorate using [Py2Py(afaCy)2Fe]2+ 
Having established that 4-Fe was capable of the stoichiometric reduction of perchlorate, a 
study was undertaken to determine if it was also capable of catalytic perchlorate reduction. The 
addition of 1 equivalent of [nBu4][ClO4] to 4-Fe was performed in the presence of and excess of 
diphenylhydrazine (DPH) as a proton-electron source that has been previously shown to react 
with 5-FeOH with the release of H2O and reformation of 4-Fe.19 Analysis of the reaction mixture 
by 1H NMR revealed 6-FeCl to be the only metal species, in analogy to the previously observed 
reactivity of the tripodal system (Figure 4.6). The approximate TON for the catalyst is 3, based 
on the mass of 6-FeCl that was isolated. The addition of more [nBu4][ClO4] to 6-FeCl showed no 
























1H NMR in d3-MeCn
Figure 4.5 Independent synthesis of 6-FeCl from 4-Fe using NaCl. Connectivity was 
able to be confirmed by single crystal X-ray diffraction (right).  
  
Figure 4.6 1H NMR spectrum of perchlorate reduction reaction mixture using 1-Fe.  
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4.4 Anion exchange of iron-chloride complexes with zinc salts and complexes 
4.4.1 Catalyst re-activation and the Irving-Williams series 
The deactivation of the iron catalysts by the formation of product established a limit on the 
number of turnovers possible for the catalysts unless the iron-chloride bond in 3-FeCl and 6-FeCl 
could be broken to restore catalyst function. Additionally, any reagent that could remove the 
chloride would have to be compatible with rest of the catalytic system, in particular the acidic N-
H functionalities of the catalysts’ secondary coordination sphere.  
Attempts to remove the chloride from the iron using metal trifluoromethanesulfonate salts 
(triflate, MOTf, M = Na+, Li+, Ag+) were unsuccessful, with no conversion of 3-FeCl or 6-FeCl 
to 1-Fe or 4-Fe, respectively, observed. The addition of Me3SiOTf did result in the removal of 
the chloride atom from 3-FeCl and 6-FeCl, however, any excess Me3SiOTf would react with N-
H protons in the catalysts’ secondary coordination sphere. A simple reagent that could be used 
under catalytic conditions that had a high affinity for chloride and low affinity for protons was 
not found. 
However, we were inspired by the foundational work of the Irving-Williams series that 
examines the stability of divalent first row transition metal-aquo (M(II) = Mn—Zn) complexes.20 
It has been shown that the series can be applied beyond aqua ligand, and the trend follows that 
complex stability increases in the series from Mn < Fe < Co < Ni < Cu > Zn.21 It was 
hypothesized that zinc complexes could be used to exchange the chloride ligand in the iron 
complexes for a more labile anion that would reactivate the iron catalysts.  
4.4.2 Anion exchange between zinc salts/complexes and iron-chloride complexes 
The addition of Zn(OTf)2(MeCN)2 to the iron-chloride complexes 3-FeCl and 6-FeCl 
resulted in the regeneration of the active catalyst 1-Fe and 4-Fe, and presumably ZnCl2. Though 
the	 stoichiometric	 reaction	proceeded	 successfully,	 the	 addition	of	 Zn(OTf)2(MeCN)2	 to	 a	
catalytic	 reaction	 mixture	 led	 to	 catalyst	 deactivation	 and	 an	 intractable	 mixture	 of	
products.	 Similar results were observed for zinc in a simple chelating ligand tris(2-
pyrridylmethyl)amine-zinc2+ ((TPA)Zn2+).  
It was then investigated if the previously reported zinc complex [N(afaCy)3Zn]2+ (1-Zn) 
would have a higher affinity for the chloride anion bound to the iron and would engage in an 
anion exchange reaction with 3-FeCl or 6-FeCl to reactivate the catalysts and form a zinc(II)-
chloride complex [N(afaCy)3ZnCl]+ (3-ZnCl). The addition of 1-Zn to either 3-FeCl or 6-FeCl 
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resulted in the reformation of 1-Fe and 4-Fe respectively, as well as the formation of a 
diamagnetic product with a unique 1H NMR spectrum (Figures 4.7-4.8). Crystallization of the 
reaction mixture of 6-FeCl and 1-Zn resulted in crystals of 4-Fe as well as translucent single 
crystals that were structurally characterized by single crystal X-ray diffraction to reveal the 
zinc(II)-chloride complex [N(afaCy)3ZnCl]OTf (Figure 4.9). Independent synthesis of 3-Zn could 
be accomplished by the addition of of chloride salts (NaCl or [nBu][Cl]) to Zn-1.   
 
 
4.5 Increasing perchlorate reduction catalyst TON 
4.5.1 Quantification of TON 
Interestingly, three resonances observed between 11.1 and 
9.2 ppm by 1H NMR spectroscopy were unique to the 3-ZnCl 
complex, as compared with any other zinc complex with outer 
sphere anions (OTf-, BArF-, ClO4-). The resonances were also 
able to be integrated against an internal standard of ferrocene 
(Fc) to create a linear regression that could be used to quantify 
the amount of 3-ZnCl formed during the catalytic perchlorate 
3-FeCl + 1-Zn à 1-Fe + 3-ZnCl
6-FeCl + 1-Zn à 4-Fe + 3-ZnCl
Figure 4.7-4.8 1H NMR spectra of 3-FeCl (top) and 6-FeCl (bottom) reacting with 1-Zn.   
  
Figure 4.9 Crystal structure 
of 3-Zn.  
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reduction (Figure 4.10), while also assessing the TON for 1-Fe and 4-Fe.   
 
The formation of 3-Zn during catalytic trials would indicate that the iron catalysts must have 
accomplished at least 4 turnovers to go from perchlorate to chloride. Thus, the number of 
catalysts turnovers could be assessed using Equation 4.1.  
 
4.5.2 Catalytic conditions and trials 
To determine the maximum TON for iron catalysts 1-Fe and 4-Fe trials were conducted 
using the reagents shown in Table 4.1.  Each reaction was run for 24 h at room temperature with 
4 mL of tetrahydrofuran as solvent (Figure 4.11). Additionally, ~20 mg of MgSO4 was added to 
the reaction mixture to absorb water that was formed during the course of catalysis. The water 
could bind to the iron catalysts and deactivate them if it competitively bound with perchlorate.  
The catalytic trials were run in triplicate with 5% mole of 1-Fe and 4-Fe used respectively. 
All reagents were scaled to the amount of 1-Zn that was added to the reaction, with the 0.02 




















































TON =   4  
mmol [3-Zn] 
mmol [Fe]       ( ) Eq 4.1  
Figure 4.10 Linear regression created through the independent synthesis of 3-Zn in 
varying amounts (0.005 mmol, 0.01 mmol, 0.015 mmol, 0.2 mmol, and 0.25 mmol), and 
the integrations of resonances at 10.95 ppm and 10.30 ppm relative to ferrocene 
standard. All spectra recorded at 21 oC in d3-aceotnitrile.  
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mmol 1-Zn = 1 equivalent. A 2 mL aliquot of the reaction mixture was taken, dried, and 
examined by 1H NMR spectroscopy to determine how much 3-Zn had formed after 24 h. It was 
found that the TON for 1-Fe was 76(5), with 4-Fe having a maximum TON of 48(2), both of 
which represent over an order of magnitude increase in the previously reported maximum for a 



























































































[N(afaCy)3Fe]2+ (1-Fe)  [Py2Py(afaCy)2Fe]2+ (4-Fe) 
Amount (mmol) Equivalents  Amount (mmol) Equivalents  
Iron catalyst (1-Fe or 4-Fe) 0.001 0.05 0.001 0.05 
1-Zn 0.02 1 0.02 1 
NaBArF 0.022 1.1 0.022 1.1 
[nBu][ClO4] 0.022 1.1 0.022 1.1 
Diphenylhydrazine (DPH) 0.09 4.5 0.09 4.5 
Tetrahydrofuran (THF) 4 mL 4 mL 
MgSO4 ~ 20 mg ~ 20 mg 
[3-Zn] Identified from catalysis 0.019 0.95 0.012 0.63 
Turnover Number (TON) 76(5) 48(2) 
Figure 4.11 A. Catalytic scheme for perchlorate reduction by 4-Fe with 1-Zn acting to 
regenerate the active catalyst.  B. Catalytic scheme for perchlorate reduction by 1-Fe with 
1-Zn acting to regenerate the active catalyst.   
  
Table 4.1 Reagents used in catalytic trials and TONs for each catalyst.    
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4.6 Determination of initial rates of reaction for perchlorate reduction 
4.6.1 Initial rates of reaction for [Py2Py(afaCy)2Fe]2+ (4-Fe) and catalyst order 
In addition to improving the catalyst turnover, a better understanding of the dynamics 
perchlorate reduction was sought. A study of the initial rates of reaction, as surveyed by time 
resolved UV-visible spectroscopy, was undertaken monitoring the formation of 5-FeOH from 4-
Fe under pseudo-first order conditions of perchlorate. To aid the study by increasing the 
solubility of the complexes, the bis-tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF-) salts 
of 4-Fe were used in the UV-visible studies. 
It was found that the rate of perchlorate reduction correlates with the solvent’s coordinating 
ability (Figure 4.12). Significantly slower rates were observed in acetonitrile, whereas 
halogenated solvents produced the fastest rates for perchlorate reduction. Interestingly, 4-Fe has 
an apparent zeroeth order dependence in the rate law for all of the solvents tested except 
chloroform, in which it presented as first order. The apparent zeroeth order of the reaction could 

















kObs (DCM) = 139(5) s-1
kObs (CHCl3) = 63(3) s-1
kObs (THF) = 15(3) s-1
kObs (Acetone) = 3(1) s-1
kObs (MeCN) = 1(1) s-1
Initial Rate x 104
Figure 4.12 Initial rates of reaction for 4-Fe towards perchlorate in five solvents. 
The concentration of 4-Fe was 0.5 mM and 10 equiv of [nBu][ClO4] were used. 
Reactions were run in triplicate with averaged rates reported.  
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4.6.2 Initial rates of reaction for [N(afaCy)3Fe]2+ (1-Fe) and catalyst order 
A study of the initial rates of reaction for 1-Fe, as surveyed by time resolved UV-visible 
spectroscopy, was also undertaken monitoring the formation of 2-FeOH from 1-Fe under 
pseudo-first order conditions of perchlorate. To aid the study by increasing the solubility of the 
complexes, the (BArF-) salts of 1-Fe were used in the UV-visible studies. 1-Fe was not stable in 
chlorinated solvents (chloroform and dichloromethane), so studies of the initial rates of reaction 
towards perchlorate could not be conducted.  
It was found that the rate of perchlorate reduction by 1-Fe also correlated with the 
coordinating ability of the solvent the reaction was run in (Figure 4.13). In contrast to 4-Fe, 1-Fe 
has apparent first order dependence in the rate law for all of the solvents tested. The apparent 
first order of the catalyst in the reaction could lend insights as to what the RDS of perchlorate 




















kObs (THF) = 246(1) s-1
kObs (Acetone) = 142(4) s-1
kObs (MeCN) = 21(1) s-1
Initial Rate x 104
Figure	 4.13	 Initial	 rates	 of	 reaction	 for	 1-Fe	 towards	 perchlorate	 in	 three	




4.7 Mechanistic proposals for perchlorate reduction  
There have been extensive reports of biological and synthetic iron systems that activate 
small molecules to form a high valent iron(IV)-oxo species. These systems often produce a large 
kinetic isotope effect (KIE), as the ferryl intermediate abstracts an H- or D-atom during the RDS. 
Similarly, computational studies of enzymatic systems, and kinetic analysis of a homogeneous 
rhenium system, have found that the reduction of perchlorate proceeds through a heterolytic 
cleavage of the Cl-O bond to form chlorate (ClO3-) and oxidize the metal by two electrons 
through the addition of an O-atom (Mn à Mn+2=O, M = Mo, Re, n = metal oxidation state).  
The formation of products 2-FeOH and 5-FeOH suggest that each system could be going 
through a high valent iron(IV)-oxo intermediate that abstracts an H-atom to form the observed 
products. If the Cl-O bond is a herterolytically cleaved, the result would be an iron(IV)-oxo 
species that could abstract an H-atom (likely from the secondary coordination sphere) prior to 
any characterization techniques could observe the ferryl intermediate (Figure 4.14). There would 
then be a second HAA, likely from solvent, to arrive at products 2-FeOH and 5-FeOH. If these 
proposed intermediates are involved in the RDS of perchlorate reduction, the initial rate should 



































































However, when initial rate studies were performed in deuterated solvents (d6-acetone for 1-
Fe and d1-chloroform for 4-Fe) the rates of iron(III)-hydroxo formation saw an increase.  This 
leads us to rule out a high valent iron(IV)-oxo, or tautomeric (iron(III)-oxyl/iron(III)-oxo with 
oxidized ligand) performing an HAA as the RDS for perchlorate reduction. 
Instead, a high variance in rate for perchlorate reduction is observed between solvents 
(Table 4.2) suggesting that the RDS is likely tied to one of the proposed equilibrium steps, K1, 
K2, or K3 (Figure 4.15). In the case of K1, the dissociation of solvent from the iron catalyst would 
be rate limiting. If the equilibrium described in K2 is the RDS, then variation in the concentration 
of perchlorate should produce a change in the observed initial rate of iron(III)-hydroxo 
formation. Alternatively, when K3 is limiting the perchlorate binds to the iron center quickly, but 
must wait for a hydrogen bond from the secondary coordination sphere to stabilize the complex 
prior to cleavage of the Cl-O bond (Figure 4.15). If the rate of perchlorate reduction is limited 



























































If K1 is RDS: 1st in [Fe] 
                      0th in ClO4-
If K2 is RDS: 1st in [Fe] 
                      1st in ClO4-
If K3 is RDS: 0th in [Fe]






Rate*104  (s-1) Rate*104  (s-1) Rate*104 (s-1) Rate*104  (s-1) 
0.5 mM [Fe] 1 mM [Fe] 0.5 mM [Fe] 0.5 mM [Fe] 
10 equiv ClO4- 10 equiv ClO4- 2 equiv ClO4- 4 equiv ClO4- 
1-Fe ([N(afaCy)3Fe]2+) 
DCMv - - - - - - - 
CHCl3 v - - - - - - - 
THF 1 0 K2* 246(1) 526(7) 442(15) 498(36) 
Acetone 1 1 K2 142(4) 284(25) 72(6) 109(20) 
MeCN 1 0 K1 21(1) 55(1) 9(2) 11(2) 
4-Fe ([Py2Py(afaCy)2Fe]2+) 
DCM 0 0 K3* 139(5) 146(8) 219(11) 255(18) 
CHCl3 1 0 K1* 63(3) 143(12) 113(14) 117(15) 
THF 0 0 K3 15(3) 15(2) 14(2) 16(1) 
Acetone 0 0 K3 3(1) 3(1) 2(1) 3(1) 
MeCN - - K1 or K3 1(1) 1(1) - - 
* Initial rate of reaction proceeds faster with fewer equivalents of ClO4-, likely due to the higher relative 
concentration of ClOx- (x = 1-3), which will react faster than ClO4- 
v Iron complexes were not stable in solvents and rates could not be determined for reactions 






All three of these proposed equilibrium steps could have the ability to dominate the rate of 
the reaction of the iron catalyst with perchlorate. The three successive steps in equilibrium, as 
well as the formation of ClO3-, which likely reacts quicker then ClO4-, greatly complicate the 
kinetic analysis. It is likely that two or all three equilibrium steps are close in energy, making the 
determination of the RDS non-trivial.  
 
However, based on the observed change in catalyst order between 1-Fe and 4-Fe, it is likely 
that each catalyst has a different RDS. For 1-Fe the catalyst dependence would suggest that it is 
likely limited by the binding of perchlorate to the iron, and thus K2 is most likely the RDS. 
Alternatively, the zeroeth order presentation of 4-Fe (except in chloroform), suggests that it may 
be rate limited by the donation of a hydrogen bond from the secondary coordination sphere to the 
bound perchlorate. As a further point of evidence for K3 existing as a RDS in perchlorate 































































































































(< 3 seconds) change in the shape of the UV-visible spectrum (Figure 4.21). The UV-visible 
spectrum is assigned to the intermediate Int2-FeClO4 (Figure 4.16), as the change in line shape 
suggests a change in the coordination of 4-Fe upon addition of the perchlorate, but prior to 5-
FeOH formation.  Furthermore, structural characterization of the M-ClO4 (M = Zn, Co) 
complexes demonstrate that perchlorate is capable of binding to a metal center without the need 
of hydrogen bond. (8-ZnClO4 previously published, and 9-CoClO4, Figure 4.33).  
Though the RDS of perchlorate reduction cannot be definitively determined at this time, the 
evidence gathered suggests that the RDS is highly solvent dependent and likely involves multiple 
steps in equilibria. More extensive studies into the rate of perchlorate reduction, a system that is 
not rate limited by these pre-equilibria, and computational investigation would be very 
diagnostic to determining further mechanistic information. 
4.8 Conclusions 
Through the use of zinc complex capable of performing anion exchange with the iron-
chloride complexes 3-FeCl and 5-FeCl, the active catalysts for perchlorate reduction 1-Fe and 4-
Fe were able to be regenerated and maximum TONs for perchlorate reduction improved. 
Additionally, insights into rate of perchlorate reduction were achieved through a survey of the 
initial rates of reaction for the two iron catalysts in multiple solvents. The initial rates led to a 
determination of the catalyst order for the observed rate of reaction, with differences between the 
two catalysts.  
4.9 Experimental section 
General Considerations. All manipulations of air- and moisture-sensitive metal compounds 
were carried out in the absence of water and dioxygen using a MBraun inert atmosphere drybox 
under a dinitrogen atmosphere. All glassware was oven-dried for a minimum of 8 h and cooled 
in an evacuated antechamber prior to use in the drybox. Solvents (acetonitrile, tetrahydrofuran, 
and dichloromethane) were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (3 Å in the case of acetonitrile) purchased 
from Strem prior to use. The solvents chloroform (Fischer) and acetone (Optima grade, Fischer) 
were degassed through freeze-pump-thaw cycles prior to being brought into a drybox. They were 
strored over 4 Å molecular sieves prior to use. Dichloromethane-d2, and acetonitrile-d3 were 
purchased from Cambridge Isotope Laboratories and stored over 4 Å molecular sieves prior to 
use. Magnesium sulfate (Oakwood chemical) was used as received from the distributor. 
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Tetrabutylammonium perchlorate (Sigma-Aldrich) and tetrabutylammonium chloride (Sigma-
Aldrich) were dissolved in dichloromethane and stored over 4 Å molecular sieves prior to use. 
PERCHLORATE SALTS PRESENT A POTENTIAL EXPLOSIVE RISK, USE WITH 
CAUTION. Any handling of perchlorate salts was done with a plastic spatula to mitigate the 
potential of static discharge. Diphenylhydrazine (Sigma-Aldrich) was recrystallized from a 
mixture of diethylether and hexanes at -35 oC. Fe(OTf)2(MeCN)2, was prepared as previously 
described,22  and the same procedure was used to generate Zn(OTf)2(MeCN)2. The ligands 
N(afaCy)3 and Py2Py(piCy)2 were synthesized as previously described.19,23 
Physical methods. NMR spectra were recorded on a Varian spectrometer at 500 MHz (1H 
NMR) or 377 MHz (19F NMR). All 1H chemical shifts (ppm) are reported relative to the 
resonance of the residual solvent; 19F chemical shifts are reported relative to an external standard 
(1% CFCl3 in CDCl3). Solid-state infrared spectra were recorded using a PerkinElmer Frontier 
FT-IR spectrophotometer equipped with a KRS5 thallium bromide/iodide universal attenuated 
total reflectance accessory. UV-visible spectra were recorded on an Agilent 8453 
Spectrophotometer with accompanying software. All samples were prepared in a drybox 
containing a dinitrogen atmosphere in quartz cuvettes with a 1 cm pathlength and capped with a 
rubber septum. Elemental analyses were performed by the University of Illinois at 
Urbana−Champaign School of Chemical Sciences Microanalysis Laboratory in Urbana, IL. 
Samples submitted for elemental analyses were dried under vacuum for a minimum of 12 h; 
solvates were confirmed by 1H NMR spectroscopy.  
Synthesis of previously reported metal complexes. The syntheses for 1-Fe, 2-FeOH, and 3-
FeCl have been previously reported.14 So has the synthesis for 4-Fe and 5-FeOH.19 The zinc 
complex 1-Zn has also been previously reported.8 
Synthesis of 6-FeCl. Complex [Py2Py(afaCy)2FeOTf]OTf (4-Fe, 0.0250 g, 0.025 mmol) was 
dissolved in acetonitrile and sodium chloride (0.0060 g, 0.1 mmol) was added to the stirred 
solution. The reaction proceeded for 2 h at room temperature followed by the removal of 
volatiles. The orange residue was redisolved in dichloromethane and the orange suspension 
filtered over CeliteTM to remove insoluble salts. The filtrate was dried to produce an orange 
powder (0.0220 g, 0.025 mmol, >99% yield) that was redisolved in acetonitrile. Orange crystals 
suitable for X-ray analysis were grown from the concentrated acetonitrile solution with vapor 
diffusion of diethyl ether. %). 1H NMR (d3-CD3CN, 21 oC): -21.4, -16.0, -14.8, -13.8, -8.8, -6.5, 
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-4.8, -2.4, -1.8, -1.6, -1.2, -0.6, -0.4, 0.1, 0.3, 0.9, 4.9, 10.0, 10.2, 12.0, 14.1, 15.6, 17.9, 18.3, 
20.2, 22.0, 24.4, 26.4, 26.9, 31.8, 33.4, 35.1, 35.9, 39.9, 52.3, 55.7, 62.8, 80.9, 90.0, 91.9, 93.3, 
96.5.  
Synthesis of 3-ZnCl. To a 20 mL scintillation vial was added [N(afaCy)3ZnOTf]OTf (1-Zn, 
0.0200 g, 0.021 mmol), sodium chloride (0.006 g, 0.1 mmol) and 2 mL of acetonitrile. The 
reaction proceeded for 2 h prior to removal of volatiles. The white residue was redisolved in 
dichloromethane and the white suspension filtered over CeliteTM to remove insoluble salts. The 
filtrate was dried to produce a white powder that was redisolved in dichloromethane. Colorless 
crystals suitable for X-ray analysis were grown from the concentrated dichloromethane solution 
with vapor diffusion of diethyl ether. 1H NMR (d3-CD3CN, 21 oC): 1.15-2.12, 3.46, 3.76, 6.32, 
7.17, 7.44, 7.62, 8.24, 9.29, 9.41, 9.58, 10.30, 10.92.   
Synthesis of [Py2Py(afaCy)2CoOClO3][ClO4-]. To a 20 mL scintillation vial was added 
[Py2Py(afaCy)2CoIIOTf]OTf (0.0200 g, 0.020 mmol), sodium tetraphenylborate (NaBPh4, 0.0151 
g, 0.044 mmol, 2.2 equiv), and 2 mL of tetrahydrofuran. The reaction was allowed to stir for 1 h 
and the formation of a red-orange solution was noted. Volatiles were removed and an orange 
powder was dissolved in dichloromethane that was then filtered through CeliteTM. Volatiles were 
removed and the orange residue was redisolved in acetonitrile, along with the addition of sodium 
perchlorate (0.0054 g, 0.044 mmol, 2.2 equiv), and the reation was allowed to proceed for 1 h. 
After removal of volatiles the orange residue was dissolved in acetonitrile and crystals suitable 
for single crystal X-ray diffraction were grown from the acetonitrile solution with vapor 
diffusion of diethyl ether.  
Creation of standard curve for 3-ZnCl. To 20 mL scintillation vials were added various 
amounts of [N(afaCy)3ZnOTf]OTf (1-Zn, 0.005, 0.01, 0.015, 0.020, 0.025 mmol), sodium BArF 
(2.1 equiv for each 1-Zn equiv) and 2 mL of tetrahydrofuran. The reactions proceeded for 10 min 
prior to removal of volatiles. The white residues were redisolved in dichloromethane and the 
clear suspensions filtered over CeliteTM to remove insoluble salts. To the filtrates were added 
tetrabutylammonium chloride (1.1 equiv for each equiv of 1-Zn) and the solutions dried under 
vacuum. The resulting white residues were taken up in 0.5 mL of d3-acetonitrile spiked with 
ferrocene (Fc, 0.1 mmol/mL) and examined by 1H NMR spectroscopy. The Fc resonance at 4.37 
ppm was integrated to 5.00 and the resonances from 3-ZnCl at 10.95 and 10.30 were integrated 
and averaged to create the linear regression with known amounts of 3-ZnCl.  
	 83 
General conditions for catalytic trials. Catalytic trials were conducted for 1-Fe and 4-Fe to 
determine the maximum TON for each catalyst. To a 20 mL scintillation vial was added 1-Zn 
(0.0190 g, 0.02 mmol, 1 equiv), sodium BArF (0.02 mg, 0.022 mmol, 1.1 equiv), and 
tetrahydrofuran (1 mL). Subsequently, tetrabutylammonium perchlorate (1 mL of 0.022 
mmol/mL solution in tetrahydrofuran, 1.1 equiv), diphenylhydrazine (1 mL of 0.09 mmol/mL 
solution in tetrahydrofuran, 4.5 equiv), and iron catalyst (1 mL of 0.001 mmol/mL solution, 0.05 
equiv, 5 mol%) were added to the stirring solution. Magnesium sulfate (~20 mg) was also added 
to the pale yellow solution and the reactions were allowed to react for 24 h. Afterwards, a 2 mL 
aliquot of the bright orange reaction mixture was taken and volatiles were removed to afford an 
orange residue. The residue was redisolved in d3-acetonitrile and filtered over CeliteTM into an 
NMR tube. The solutions were examined by 1H NMR spectroscopy to determine the amount of 
3-ZnCl that was formed from the catalytic reactions using the previously created standard curve. 
Trials were performed in triplicate and reported with one standard deviation error.   
General conditions for initial rate studies. To a 20 mL scintillation vial was added iron 
catalyst (0.005 mmol), sodium BArF (0.011 mmol, 2.2 equiv) and 2 mL of tetrahydrofuran. The 
reaction proceeded for 10 min until solvent was removed under reduced pressure. To the yellow 
powder was added 2 mL of dichloromethane, and the yellow suspension was filtered through a 
pad of CeliteTM, followed by the removal of volatiles to produce a yellow residue. The residue 
was dissolved in the solvent of choice for the catalytic trial and transferred to a 10 volumetric 
flask, where the solution was diluted to 10 mL to form a solution that was 0.5 mM in 
concentration (1 mM, when doubling of the catalyst loading was tested). Subsequently, 3 mL of 
the solution 0.5 mM solution (0.0166 mmol) was transferred to a 1 cm pathlength quartz cuvette 
that was then fitted with a rubber septum. In a separate vial, a solution of tetrabutylammonium 
perchlorate (0.17 mmol/mL) was prepared in the solvent of choice. A 0.1 mL aliquot of that 
perchlorate solution was taken up in a gas tight syringe and sealed before use. The solution of 
perchlorate was injected into the cuevett containing the iron catalyst after the collection of the 
first UV-visable spectrum (1.5 s) during the kinetic runs. The absorbance at 480 nm was 
monitored for each catalyst with a spectrum collected every 3 seconds. Trials were conducted for 
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Figure 4.32 Time resolved UV-visible spectrum of 1-Fe (1 mM) + 10 [nBu][ClO4].     
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Crystallographic characterization of 9-CoOClO3. Complex 9-CoOClO3 was grown from a 
concentrated solution of acetonitrile with vapor diffusion of diethyl ether. Refinement of the 
single crystal data revealed an octahedrally coordinated cobalt center with a bound perchlorate. 
Both of the azafulvene-amine ligand arms were pointed away from the bound perchlorate 
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CHAPTER 5: SYNTHESIS AND CHARACTERIZATION OF COBALT COMPLEXES 
CAPABLE OF SPIN STATE SWITCHING AND O2 ACTIVATION 
 
5.1 Cobalt complexes that have a secondary coordination sphere or activate O2 
5.1.1 Cobalt complexes with a secondary coordination sphere 
There has been a significant amount of work done towards the synthesis and characterization 
of iron complexes containing a secondary coordination sphere that can model biologically 
relevant intermediates or reactions.1 However, there has been significantly less work done with 
similar systems that contain cobalt. This is in part because cobalt is less involved in biological 
systems, and also due to the lack of stability of high valent cobalt-oxygen species.   
Borovik and co-workers were the first to report the use of cobalt in a ligand system 
containing hydrogen bond donors in the secondary coordination sphere.2–5 Their work has 
expanded to include examples of complexes with homo- and hetero-bimetallic cobalt 
complexes,6,7 as well as 
complexes that incorporate 
hydrogen bond acceptors 
with sulfonamide 
functionalities (Figure 
5.1).8,9 The Scarborough 
group has also reported the 
use of the same tripodal 
sulfonamide complexes with 
cobalt to form sandwich-like 
complexes as well as stabilize 
a bound hydrogen-peroxo 
molecule.10,11  
 
5.1.2 The activation of O2 using cobalt complexes 
Despite cobalt being on the wrong side of the “oxo-wall”,12,13 many systems have been 
utilized to activate dioxygen and form high valent cobalt intermediates. Of the homogeneous 










































































Figure 5.1 Previously published cobalt complexes containing 
a secondary coordination sphere.  
	 95 
the cobalt complexes activate O2 through the formation of a cobalt(III)/cobalt(IV)-oxyl that 
rapidly decays to a more stable species;14–16 1. Formation a cobalt-superoxide species that can 
abstract an H-atom to form a bound peroxo species, which can accept another H-atom to release 
water and form a cobalt(III)/cobalt(IV)-oxo/hydroxo species (Figure 5.2A);17–20 or 2. Bridging 
between two cobalt centers, inter- or intra-molecularly, to reductively cleave O2 (Figure 5.2B).21–
24  
It is possible either of 
these proposed mechanisms 
may be at work during the 
reduction of O2 depending 
on the system. A better 
understanding of the 
activation of O2 at a cobalt 
center could provide 
insights into the 
microscopic reversibility of cobalt catalysts used for water oxidation in fuel cells, which have 
shown promise due to their low overpotential.25 The development of new systems capable of 
performing O2 reduction could lend insights into biological processes involving O2 or catalysts 
that could eventually be used in fuel cells.  
5.2 Complexation of Py2Py(piCy)2 with cobalt salts 
5.2.1 Synthesis and characterization of [Py2Py(afaCy)2CoIIOTf]OTf (1-Co) 
Py2Py(piCy)2 was dissolved in tetrahydrofuran to form a pale yellow solution, to which 
Co(OTf)2(MeCN)2 (OTf = trifluoromethanesulfonate) was added. An immediate color change to 
red-orange was observed, followed by precipitation of a tan solid. After 1 h, the suspension was 
filtered and the tan precipitate, [Py2Py(afaCy)2CoIIOTf](OTf) (1-Co), was isolated (Figure 5.3).  
Characterization of this compound by IR spectroscopy revealed tautomerization of the 
pyrrole-imine moieties of the free ligand to the azafulvene-amine tautomeric form, with a C=N 
stretch at 1635 cm-1, which has been previously reported for similar iron complexes.26 Stretches 
observed at 3215 cm-1 and 3285 cm-1 were assigned as N–H stretches of the amines. Crystals 
suitable for X-ray diffraction were grown from vapor diffusion of diethyl ether into a 
concentrated solution of 1-Co in acetonitrile. Refinement of the data revealed an octahedral 
Figure 5.2 Proposed pathways for O2 activation using cobalt(II) 

















2 H+, 2 e-
H+, e-
	 96 
cobalt(II) center coordinated to three pyridyl nitrogen atoms, two azafulvene nitrogen atoms, and 
one oxygen atom of a triflate anion (Figure 5.3). Both of the amine moieties of the secondary 
coordination sphere were pointed away from the cobalt center, with one amine engaged in 
hydrogen bonding to the outer-sphere triflate. The complex is isostructural to the previously 
characterized iron complex in the same system. 
 
5.2.2 Synthesis and characterization of [Py2Py(afaCy)2CoIIOH]OTf (2-Co)  
To determine if the ligand arms were able to hydrogen bond with a bound axial ligand, 1-Co 
was reacted with KOH in acetonitrile, turning the orange solution red-orange over the course of 1 
h. After the removal of solvent, the residue was treated with dichloromethane to solubilize the 
desired metal species. Analysis of the orange product, [Py2Py(afaCy)2CoIIOH]OTf (2-Co), by IR 
spectroscopy showed a C=N stretch at 1661 cm-1, consistent with the azafulvene-amine tautomer, 
and a feature at 3585 cm-1, assigned as an O–H stretch. Single crystals were grown from vapor 







































































Figure 5.3 Synthesis of 1-Co from Py2Py(piCy)2 and crystal structure of 1-Co. Outer sphere 
anions and solvent omitted for clarity.    
Figure 5.4 Synthesis of 2-Co from 1-Co and crystal structure of 2-Co. Outer sphere anions and 
solvent omitted for clarity.    
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Analysis of the data showed a hydroxo ligand bound to the cobalt center (Figure 5.4) with 
both azafulvene-amine arms of the secondary coordination sphere donating hydrogen bonds to 
the bound hydroxo ligand. It was also found that 2-Co was light sensitive, as the complex would 
decay in the presence of light. As such, all manipulation of the complex and crystallization of 2-
Co were performed in vials covered with black electrical tape to exclude light. 
5.2.3 Synthesis and characterization of Py2Py(piCy)2CoIIOH2 (3-Co) 
The addition of one equivalent of KH to 2-Co in acetonitrile led to the formation of a bright 
orange precipitate identified as Py2Py(piCy)2CoIIOH2 (3-Co). It was also determined that 3-Co 
could be synthesized from 1-Co through the addition of lithium oxide in acetonitrile (Figure 5.5).  
Characterization of 3-Co with IR spectroscopy revelaed a single C=N stretch in the IR 
spectrum at 1617 cm-1, consistent with previously reported values of anionic coordination of the 
pyrrole-imine tautomeric form in the iron system.26 Crystals suitable for X-ray diffraction were 
grown from vapor diffusion of diethyl ether and dichloromethane into a concentrated solution of 
3-Co. The resulting structure showed an cobalt(II)-aquo complex, with an Co–O bond length of 
2.089(2) Å (Figure 5.5). 
 
Attempts to oxidize 3-Co to a species that would be similar to the previously published 5-Fe, 
were not fruitful. The addition of silver triflate led to the formation a light sensitive low-spin 
cobalt(II) species as identified by and EPR spectroscopy. The observed reactivity is similar to 









































Figure 5.5 Synthesis of 3-Co from 2-Co and crystal structure of 3-Co. Solvent omitted for 
clarity.    
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5.2.4 Synthesis and characterization of [Py2Py(afaCy)2CoIIIOH]OTf2 (4-Co) 
Silver triflate (AgOTf) was added to a solution of 2-Co in dichloromethane in the dark, 
turning the bright red solution dark red over the course of 1 h. Filtration of the solution revealed 
the presence of Ag0, and upon evaporation of the filtrate, a red residue was obtained. Analysis of 
the product by IR spectroscopy showed a C=N stretching frequency at 1668 cm-1, confirming the 
azafulvene-amine tautomeric form of the ligand. There was also a broad stretch observed at 3365 
cm-1 that was tentatively assign as an O–H stretch.  
 
Crystals suitable for X-ray diffraction were grown from the vapor diffusion of diethyl ether 
into a concentrated solution of the metal complex in acetonitrile. Refinement of the data revealed 
an cobalt(III)-hydroxo species, [Py2Py(afaCy)2CoIIIOH][OTf2] (4-Co), isostructural to 2-Co, with 
a contraction of the Co–O bond to 1.890(2) Å and the presence of a second outer-sphere triflate 
anion (Figure 5.6). Examination of 4-Co by 1H NMR revealed a diamagnetic spectrum that was 










































































































Figure 5.6 Synthesis of 4-Co from 2-Co and crystal structure of 4-Co. Outer sphere anions and 
solvent omitted for clarity.    
Figure 5.7 1H NMR spectrum of 4-Co in d3-MeCN.    
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5.3 Further characterization of cobalt complexes electronic structure 
5.3.1 Electron paramagnetic resonance (EPR) spectroscopy of cobalt complexes 
The diamagnetic 1H NMR spectrum of 4-Co suggested that the cobalt complexes may be able 
to access multiple spin states in the ligand framework, and an investigation of the electronic 
structures of the complexes using electron paramagnetic spectroscopy (EPR) was undertaken. 
As, expected, 4-Co was EPR silent at 77 K, while the cobalt(II) complexes produced EPR 
signals. The complex 1-Co produced an EPR spectrum that contained mostly high-spin cobalt(II) 
with what appeared to be a small amount of low spin cobalt(II) present at higher fields (Figure 
5.8A), while it also had significantly lower (~10 x) less intensity then the other cobalt(II) 
complexes. The spectra complexes 2-Co and 3-Co also showed primarily high spin cobalt(II), 
and unique signatures for all three complexes were observed (Figure 5.8B-C). Interestingly, 2-Co 
presented at low-spin cobalt(II) when the EPR spectrum was collected with acetonitrile as the 
solvent, and a 7-line pattern typical of the cobalt nucleus (59Co, I = 7/2), as well as 










































Figure 5.8 X-band EPR spectra of complexes 1-Co (A), 3-Co (B), and 2-Co (C) in DMA (5 
mM) at temperatures of 5K, 10K, 20K, 40K, 60K, and 77K. When Co-2 is in acetonitrile the 
EPR spectra presents as low-spin cobalt(II) (D).   
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differences in apparent spin state for the cobalt complexes led to further investigation of the 
cobalt complexes’ electronic structures using magnetometry.  
5.3.2 SQUID magnetometry of cobalt complexes 
Analysis of the cobalt complexes 1-Co, 2-Co, and 3-Co by SQUID (Superconducting 
Quantum Interface Device) magnetometry was performed to provide evidence for the spin state 
assignment for the cobalt complexes. The data showed that complexes 1-Co exhibited and 
effective magnetic moment (µeff) of 5.06 µB at 300 K, similar to 3-Co which presented a µeff of 
4.91 µB at 300 K (Figure 5.10). Both of these systems fit the high end of the values expected for 
S =3/2, high spin cobalt(II) complexes. Alternatively, 2-Co presented with a µeff of 4.16 µB, 
which is slightly lower then would be expected for a high spin S = 3/2 cobalt(II) metal center, 
but still significantly higher then an S = 1/2, low spin cobalt(II) system, consistent with the EPR 
spectra. The lower µeff combined with the EPR data leads us to suggest that there is likely a 
portion of the 2-Co complexes that is presenting as low spin and part the sample presenting as 
high spin, as an acetonitrile molecule co-crystallizes with 2-Co, and could cause the lowering in 




Figure 5.9 SQUID magnetometry data for complexes 1-Co (orange), 2-Co (purple) and 3-Co 
(green) from 2 K to 300 K.  
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5.3.3 UV-visible spectra of cobalt complexes 
The UV-visible spectra of complexes 1-Co—4-Co were recorded in dimethylacetamine 
(DMA). The spectra did not provide many distinctive features between the complexes, but 3-Co, 
which contains the pyrrole-imine tautomer did show blue-shifted bands relative to the other 
complexes containing the azafulvene-amine tautomer. The spectra recorded at 0.02 mM were to 
show the features in the UV range of the complexes with bands attributed to primarily ligand 
based events (Figure 5.11). The spectra recorded at 0.5 mM show more a less intense charge 
transfer band with significantly lower molar absorptivities (Figure 5.12).  
 
 












































Figure 5.10 UV-visible spectra of cobalt complexes at 0.02 mM concentration in DMA.   
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5.4 Activation of O2 by 1-Co to form 4-Co 
In addition to the interesting electronic structures of the cobalt complexes, their reactivity 
towards small molecules was studied. Specifically, we were interested if 1-Co would be reactive 
towards O2. The stirring of 1-Co in acetonitrile in air (or under an O2 atmosphere) led to the 
orange solution turning purple within the course of a minute. It was allowed to stir for 1 h at 
room temperature, followed by the removal of volatiles. The purple residue was taken back into 
a drybox and the purple residue was redisolved in acetonitrile, layered with diethyl ether and left 
in a freezer at -35 oC. Red crystals grew from the solution and were revealed to be 4-Co, with the 
bulk solution remaining purple.  
The formation of 4-Co from O2 indicates that 1-Co is capable of cleaving O2 to form a 
terminal cobalt(III)-hydroxide in a similar fashion to work published by Borovik et al. 1-Co was 
also reacted with the hypervalent iodide O-atom transfer reagent iodosobenzene (PhIO), which 
produced a similar purple solution upon dissolution. An EPR spectrum was recorded of the 
reaction mixture, and revealed a apparent low spin cobalt(II) spectrum, which we assign as an 












































Figure 5.11 UV-visible spectra of cobalt complexes at 0.5 mM concentration in DMA.   
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PhIO adduct (Figure 5.13). The reaction was allowed to continue and produced 4-Co as a 
product as well.  
 
The mechanism of 1-Co going to 4-Co remains unclear at this point, but the formation of 4-
Co represents the formal addition of an O-atom and H-atom, characteristic of a two-electron 
reduction of O2 or PhIO. More work must be done to determine in a high valent cobalt(IV)-
oxo/cobalt(III)-oxyl/cobalt(III)-oxo with oxidized ligand being formed through the breaking of 
the O-O or I=O bond. 
5.5 Conclusions 
The synthesis and characterization of four cobalt complexes was accomplished, as well as the 
cleavage of dioxygen and PhIO. The cobalt structures have highly differentiated electronic 
structures for the slight perturbations in their structural parameters. The activation of dioxygen 
by 1-Co represents a relatively rare chemical reaction performed by cobalt under mild 
conditions. Additionally, the formation of 4-Co from dioxygen represents only the second 








































































Figure 5.12 Binding and reduction of O2 and PhIO by 1-Co. The intermediate has been 
identified by EPR spectroscopy, but the transiently present intermediates before the formation 
of 4-Co have not been identified.  
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done to gain insights into the mechanism of O2 reduction, and if a high valent cobalt(IV) 
complex may be transiently accessed by the system.  
5.6 Experimental section 
General Considerations. All manipulations of air- and moisture-sensitive metal compounds 
were carried out in the absence of water and dioxygen using a MBraun inert atmosphere drybox 
under a dinitrogen atmosphere. All glassware was oven-dried for a minimum of 8 h and cooled 
in an evacuated antechamber prior to use in the drybox. Solvents were dried and deoxygenated 
on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves 
(3 Å in the case of acetonitrile) purchased from Strem prior to use. Dichloromethane-d2, and 
acetonitrile-d3 were purchased from Cambridge Isotope Laboratories and stored over 4 Å 
molecular sieves prior to use. Lithium oxide (Sigma-Aldrich), silver triflate (Strem), potassium 
hydride (Sigma-Aldrich), triflic acid (Sigma-Aldrich), potassium hydroxide (Fischer Scientific), 
2,6-lutidine (Sigma-Aldrich), were purchased from the vendor listed and used as received. 
Diphenylhydrazine (Sigma-Aldrich) was recrystallized from a mixture of diethylether and 
hexanes at -35 oC. Co(OTf)2(MeCN)2,27 and LuHOTf,28 were prepared according to modified 
literature procedures. The ligand was synthesized according to literature procedures and 
identified by its 1H NMR spectra.29 CeliteTM 545 was dried in Schlenk flasks for 24 h under a 
dynamic vacuum while heating to at least 150 °C prior to use in a drybox. 
Physical Methods. NMR spectra were recorded on a Varian spectrometer at 500 MHz (1H 
NMR) or 377 MHz (19F NMR). All 1H chemical shifts (ppm) are reported relative to the 
resonance of the residual solvent; 19F chemical shifts are reported relative to an external standard 
(1% CFCl3 in CDCl3). Solid-state infrared spectra were recorded using a PerkinElmer Frontier 
FT-IR spectrophotometer equipped with a KRS5 thallium bromide/iodide universal attenuated 
total reflectance accessory. UV-visible spectra were recorded on an Agilent 8453 
Spectrophotometer with accompanying software. All samples were prepared in a drybox 
containing a dinitrogen atmosphere in quartz cuvettes with a 1 cm pathlength and capped with a 
rubber septum. Elemental analyses were performed by the University of Illinois at 
Urbana−Champaign School of Chemical Sciences Microanalysis Laboratory in Urbana, IL. 
Samples submitted for elemental analyses were dried under vacuum for a minimum of 12 h; 
solvates were confirmed by 1H NMR spectroscopy. Mass spectra were recorded by the 
University of Illinois mass spectroscopy laboratory.  
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EPR samples were prepared in an MBraun glovebox under a dinitrogen atmosphere. The sample 
concentration was 10 mM in 1:1 acetonitrile-dichloromethane or tetrahydrofuran-DMA 1:1. EPR 
spectra were recorded on a Varian E-line 12” Century series X-band CW spectrometer and the 
spectra were simulated using the program SIMPOW6.3.  
Synthesis of Co-1. To a 20 mL scintillation vial was added Py2Py(piCy)2 (0.032 g, 0.050 mmol), 
a stir bar, and 2 mL of tetrahydrofuran. After dissolution, Co(OTf)2(MeCN)2 (25.0 mg, 0.057 
mmol) was added to the solution. An immediate color change to brown was observed, followed 
by the formation of an orange precipitate over the course of 1 h. The reaction was filtered over 
CeliteTM and the filtrate was discarded. The orange solid collected by filtration was eluted with 
five, 1 mL portions of acetonitrile (or until no visible orange solid remained on filter). Volatiles 
were removed under reduced pressure to give an orange powder (0.044 g, 0.44 mmol, 88%).  
Crystals suitable for X-ray analysis were grown from the vapor diffusion of diethyl ether into a 
concentrated solution of the target molecule in acetonitrile at room temperature. The poor 
solubility of the complex precluded its characterization by 1H NMR spectroscopy. µeff (SQUID): 
5.06 (300 K), 3.64 (2 K).   IR νmax: 1635 cm-1  (C=N), 3215, 3283 cm-1 (N-H). 
Synthesis of 2-Co. To a 20 mL scintillation vial covered with black electrical tape was added 1-
Co (0.044 g, 0.044 mmol), a stir bar, and 4 mL of acetonitrile. KOH (0.0040 g, 0.71 mmol) was 
added to the orange suspension and a bright-orange solution formed over 1 h. After the removal 
of volatiles under reduced pressure, the orange residue was dissolved in dichloromethane and 
filtered over a pad of CeliteTM.  The volatiles were again removed under reduced pressure, 
yielding an orange powder (0.0351 g, 0.041 mmol, 92%).  Crystals suitable for X-ray analysis 
were grown from vapor diffusion of diethyl ether into a concentrated solution of the target 
molecule in acetonitrile at room temperature. 1H NMR (d3-CD3CN, 21 oC): -16.7, -0.8, 1.1, 1.8, 
2.9, 3.4, 4.8, 4.9, 5.4, 6.9, 7.8, 9.6, 10.0, 13.6, 15.2, 17.1, 17.8, 21.3, 22.1, 25,7 47.4, 50.0, 54.2, 
59.9, 60.2, 66.5. IR νmax: 1661 cm-1 (C=N), 3585 cm-1 (O-H). µeff (SQUID): = 4.16 (300 K), 3.07 
(2 K).  
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Synthesis of Co-3. To a 20 mL scintillation vial was added 1-Co (0.044 g, 0.044 mmol), a stir 
bar, and 2 mL of acetonitrile. Li2O (0.005 mg, 0.16 mmol) was added to the solution. The 
solution changed from orange to bright orange over the course of 1 h, followed by the 
precipitation of a bright orange solid over the course of 18 h. The suspension was filtered and the 
precipitate was washed with 1 mL of acetonitrile. The solid was eluted with dimethylacetamide 
(DMA). Crystals suitable for X-ray analysis were grown from the vapor diffusion of diethyl 
ether and dichloromethane into a concentrated solution of the target complex in 
dimethylacetamide at room temperature (0.0313 g, 88%). The poor solubility of the complex 
precluded its characterization by 1H NMR spectroscopy. IR νmax: 1617 cm-1 (C=N). µeff 
(SQUID): = 4.16 (300 K), 3.07 (2 K).  
Synthesis of Co-4. To a 20 mL scintillation vial wrapped in black electrical tape was added 2-Co 
(0.0190 g, 0.022 mmol), 2 mL of dichloromethane, and a stir bar. AgOTf (0.0057 g, 0.022 
mmol) was added to the solution and stirring was continued for 1 h. The mixture was filtered 
over CeliteTM revealing the presence of Ag0 and the filtrate was dried under reduced pressure, 
producing a red powder (0.0199 g, 0.020 mmol, 90%). Crystals suitable for X-ray analysis were 
Figure 5.13 1H NMR spectrum of 2-Co in d3-acetonitrle at 21 oC.   
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grown from vapor diffusion of diethyl ether into a concentrated solution of 4-Co in acetonitrile at 
room temperature. 1H NMR (d3-CD3CN, 500 MHz, 21 0C): 1.04-1.31 (m, 4H), 1.39-1.68 (m, 
8H), 1.75 (d, J = 13.2 Hz, 2H), 1.90 (d, J = 12.8 Hz, 3H), 2.20 (dd, J = 49.0, 12.2 Hz, 5H), 2.46 
(s, 3H), 2.76 (s, 3H), 3.44 (q, J = 7.1 Hz, 1H), 3.68 (td, J = 11.5, 6.1 Hz, 2H), 6.65 (d, J = 4.4 Hz, 
2H), 7.29 (d, J = 4.3 Hz, 2H), 7.67 (t, J = 6.7 Hz, 2H), 8.05 – 7.88 (m, 6H), 8.11 (q, J = 8.9, 8.5 
Hz, 3H), 9.21 (d, J = 6.3 Hz, 2H), 13.88 (d, J = 12.0 Hz, 2H). IR νmax: 1668 cm-1 (C=N), 3365 
cm-1 (O-H). 	
 
Reactivity of Co-1 towards O2. To a 20 mL scintillation vial was added 1-Co (0.020 g, 0.020 
mmol), 4 mL of acetonitrile, and a stir bar. Vacuum was pulled on the solution to remove the 
majority of dissolved gas from the solution. The vial was capped with a rubber septum and 
removed from the dry box. A balloon filled with O2 and fitted with a needle was injected into the 
atmosphere of the vial containing the orange solution of 1-Co. The solution changed from orange 
to purple over the course of ~5 min and was allowed to stir for another hour. Volatiles were 
removed from the reaction and a purple residue was obtained. The residue was brought back into 
the drybox, dissolved in acetonitrile, and layered with diethylether. Crystals of 4-Co were grown 
from the layered purple solution (0.0045 mg, 0.0044 mmol, 22% yield). 
Figure 5.14 1H NMR spectrum of 4-Co in d3-acetonitrle at 21 oC.   
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